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DEVELOPMENT AND EVALUATION OF AN INERTIAL BASED PAVEMENT
ROUGHNESS MEASURING SYSTEM

Fengxuan Hu

ABSTRACT

Roughness is an important indicator of pavement riding comfort and safety. It is a
condition indicator that should be carefully considered when evaluating primary
pavements. At the same time, the use of roughness measurements plays a critical role in
the pavement management system.
There are many devices used for roughness evaluation. The major tools used for
road roughness quantify are the road profilers. In the thesis research, in order to obtain
useful pavement surface condition data for pavement evaluation, an inertial based
pavement roughness measuring system was developed with the combination of modern
sensor technology and computer technology. The research will focus on the development
of new method to get the profile in order to improve the repeatability of the inertial based
pavement roughness system, the hardware design and the software development which is
used for data sampling and data analysis. Finally maximum entropy spectral analysis
method was used to evaluate the road profile spectrum.
In order to get evaluate the accuracy and correction of the laser profiler system,
different roughness devices (including Dipstick, direct type profiler and the laser profiler
viii

developed) were operated in the test sites. The research focused on several performance
measures, such as repeatability (before and after new method analysis), impact of
operating speed and sample interval, correlativity and etc. IRI from these devices were
analyzed to evaluate the correlativity between these devices. Some regression models
were developed in this research. Test results show that the new method can improve the
repeatability of the profiler system. The laser profiler system has good repeatability and
the operating speed and sample interval do not have a significant impact on the inertial
based roughness measuring system. With the reliable results, the system is ready to be
used in the field application within the speed and sample interval range. Through the
spectrum analysis, it shows that the spectrum has a qualitative relation with pavement
roughness conditions.
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CHAPTER 1

INTRODUCTON

1.1 Research Background

Pavement roughness is one of the most important performance measures for
pavement surface performance conditions. Pavement roughness is also an important
indicator of pavement riding comfort and safety. Roughness condition has been used as
the criteria for accepting new construction of pavement (including overlay) and also as
the performance measure to quantify the surface performance of existing pavements in a
pavement management system at both network level and project level. For example,
roughness can be used for dividing the network into uniform sections, establishing value
limits for acceptable pavement condition, and setting maintenance and rehabilitation
(M&R) priorities. Roughness measurements are used to locate areas of critical roughness
and to maintain construction quality control.
The need to measure roughness has brought a wide of instruments on the market,
covering range from rather simple devices to quite complicated systems. In the past
decades, roughness measurement instruments had become the everyday tools for
measuring road roughness. The majority of States now own pavement roughness
measurement systems. A substantial body of knowledge exists for the field of system
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design and technology. There are also many proven methods for analyzing and
interpreting data similar to the measurement results obtained from these systems.
By far, the major tools applied in the road roughness quantify is the road profilers.
A variety of devices are available today to measure a road profile. These devices range
from the hand-held Dipstick profilers, high-speed, vehicle-based profilers and ResponseType Systems. The former devices are based on mathematical modeling of the measured
pavement surface profiles so the result indices are repeatable. However, the latter systems
that were also called as road meters are always a passenger car, a van, a light truck, or a
special trailer. Engineer installed devices to record suspension stroke as a measure of
roughness, normally it is a transducer that accumulates suspension motions and is known
as response-type road roughness measuring system (RTRRMS). Response-type indices
are vehicle dependent and are not repeatable, even when the same vehicle is used -- due
to change in the vehicle's characteristics over time and driver’s driving behavior.
At the same time, difficulties exist in the correlation and transferability of
measures from various instruments and the calibration to a common scale, a situation that
is exacerbated through a large number of factors that cause variations between readings
of similar instruments, and even for the same instruments. The need of correlation and
calibration led to the advent of the International Road Roughness Experiment (IRRE) in
Brazil in 1982, which was also led to publish of International Roughness Index (IRI).
The research leading to the development of roughness measuring equipment dates
back more than 60 years. Early profilers were time and labor consuming, required testing
at very slow speeds. With the help of the development of sensors technology and
computer technology, it is no longer the case nowadays. In this research, in order to
2

obtain useful pavement surface condition data for pavement evaluation in the State of
Florida, an inertial-based road roughness measurement system was developed with the
combination of the modern sensors and computer. The pavement roughness measuring
system uses the vertical acceleration, laser profile and longitudinal distance sensor to
measure the profile, filter the profile to include only those waves of interest, and
mathematically compute all major types of roughness index.

1.2 Basic Concepts

1.2.1

Profiles

The evaluation of the entire pavement surface is required to define roughness
completely. However, for most purposes, roughness can be divided into three profile
components of distortion: transverse, longitudinal, and horizontal. Of particular interest
are variations in profile that impart acceleration to the vehicle or occupant and thus
influence comfort and safety. Here, the research will focus on longitudinal profiles.
Figure 1-1 shows the example of longitudinal profile.
Distortions of the pavement surface can generate both vertical and lateral
acceleration in the vehicle. Vertical acceleration is the major contributing factor to
occupant comfort and derives from longitudinal distortion of the pavement profile.
Lateral accelerations are the result of vehicle roll and yaw. Roll results from rotation
about the longitudinal axis of the vehicle while yaw is the rotation about the vertical axis.
The curvature of the roadway, which contributes to yaw, is normally handled through
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good geometric design. Roll results from differential transverse pavement elevations.
Under severe conditions, it can impart an undesirable level of vertical acceleration.

Figure 1-1 Longitudinal Profile

It is possible to take many profiles for a road, each along a different line.
However since approximately 70 percent of vehicles travel in a well-defined wheel path
with the right wheel located 2.5 to 3.5 feet from the pavement edge, The wheel tracks of
automobiles and trucks are approximately 6 and 7 feet apart, respectively. Therefore, line
measurement of the longitudinal profile on the wheel path provides the best sample of
road surface roughness. Furthermore, comparison between the two wheel paths can
provide some measure of the transverse variations that affect roll.
Based on the pavement roughness definition, it is concluded that road roughness
evaluation requires measurement of the longitudinal profile of the pavement in the
vehicle wheel path. The profile of a road, pavement, or ground can be measured along
any continuous imaginary line on the surface and in order to obtain repeatable measures.
It helps to make the line physically by using paint. For engineering interpretation, the
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measurements are usually handled with mathematical model that generates a summary
statistics, ranged from power spectrum to some type of roughness index.

1.2.2 Profile Index

A profile index is a summary number calculated from the data that make up a
profile. The profile index is portable, reproducible and stable with time. Almost all road
profiling system include two summary roughness statistic like, International Roughness
Index (IRI) and the estimate of Mean Panel Rating value Ride Number (RN). Although
there are also some others roughness indices are used, but IRI and RN are the most used
roughness indices because they portable and reproducible and they are stable with time.
So the other roughness indices are not widely available in the form of software and they
correlate so highly with IRI, we will focus on the former two indices.

1.2.3

Roughness Definition

From an auto driver’s point of view, pavement roughness is a phenomenon
experienced by the passenger and operator of a vehicle. According to the definition
(E867) of the American Society of Testing and Materials (ASTM), “roughness is the
deviations of a pavement surface from a true planar surface with characteristic
dimensions that affect vehicle dynamics, ride quality, dynamic loads, and drainage, for
example, longitudinal profile, transverse profile, and cross slope”. This definition covers
the factors that contribute to road roughness and it is also very broad. However, it does
not provide a quantitative definition or standard scale for roughness, so it still requires a
measurement and analysis method for quantifying distortions of the pavement surface.
5

Once the measurement and analysis method is selected, individual agencies can establish
interpretation scale to determine the severity of the roughness level. At the same time,
pavement roughness consists of random multi-frequency waves of many wavelength and
amplitudes. Longitudinal roughness has been defined as "the longitudinal deviations of a
pavement surface from a true planar surface with characteristic dimensions that affect
vehicle dynamics, ride quality and dynamic pavement load". Pavement profiles, detailed
recordings of surface characteristics, are frequently used to characterize roughness.
There are several causes of pavement roughness: traffic loading, environmental
effects, construction materials and built-in construction irregularities. All pavements have
irregularities built into the surface during construction, so even a new pavement that has
not been opened to traffic can exhibit roughness. The roughness of a pavement normally
increases with exposure to traffic loading and the environment. Short-wavelength
roughness is normally caused by localized pavement distress, that is, depression and
cracking, at the same time the long-wavelength roughness is normally caused by
environmental processes in combination with pavement layer properties.

1.2.3.1 International Roughness Index (IRI)

The International Roughness Index (IRI) was established in 1986 by the World
Bank and based on earlier work performed by NCHRP. It was first introduced in the
International Road Roughness Experiment (IRRE) that was held in Brazil. IRI is
calculated from a measured longitudinal road profile by accumulating the output from a
quarter-car model or directly derived from a class 1 or class 2 instruments and divided by
the profile length to yield a summary roughness index with units of slope. The IRI has
6

been reported to be relevant as an indicator of pavement serviceability, independent of
the particular equipment used to measure it, it is internationally and geographically
transferable and time stable. IRI is often used as an accepted standard against which
roughness measuring systems are calibrated.

1.2.3.2 Ride Number (RN)

Ride Number is a profile index intended to indicate ride ability on a scale similar
to PSI. The longitudinal profile measurements taken with a profiler are processed using a
computer program to obtain the RN, which matches the mean panel rating of a rating
panel. Rider Number is an estimate of Mean Panel Rating and uses the 0 to 5 scale. It is a
nonlinear transform of PI. It is ideally calculated from the profiles in the left and right
wheel paths of automobiles. The method was to be provided as portable software similar
to that available for the IRI. Details of Ride Number are handled in computer software.

1.2.4

Signal Processing, Filter, Power Spectrum Analysis

Modern profilers produce sequence of numbers called as a signal. The outputs of
the transducers in the profile are converted to numbers and processed by computer.
Signal processing is the mathematical analysis and transformation of signals.
There are mainly two reasons for the signal processing: the first is to improve the quality
of a measurement by eliminating unwanted “noise” from the data, and the second is to
extract information of interest from the signal.
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A profile can be considered consists of different wavelengths, varying from a few
inches to hundreds of feet. To analyze a profile for roughness, it is important that the
profile be filtered to include only those waves of interest. A digital filter is a calculation
procedure that transforms a series of numbers (a signal) into a new series of numbers.

1.3 Research Objective

The primary objective of this research is to develop the inertial based roughness
system. The goal is to identify the factors that affect roughness measurement, quantify
their effect on repeatability and accuracy. The spectrum analysis was used to evaluate
and compare the road roughness condition. More specifically, the objective will consist
of the following:
1). to develop the hardware and software of the inertial based laser roughness
measuring system;
2). to use a new method to improve and test the repeatability of the developed
laser profiler;
3). to test the impacts of operating speed on the repeatability of the laser profiler;
4). to check the sample interval impacts on the road roughness measuring system;
5). to develop the regression models of correlation of the laser roughness
measuring system and the direct type profiler, Dipstick;
6). to conduct maximum entropy spectral analysis of the measured road profile.

8

CHAPTER TWO

LITERATURE REVIEW

In order to understand the pavement roughness and pavement roughness
measurement problems, current roughness measuring system situation and an overview
of the past studies are presented in this chapter. It also includes the importance of
pavement profile, the research about the development of roughness measurement system,
the significance of related topics and the potential study topics expected.

2.1 Overview

A lot of studies and research have been done on the subject of pavement
roughness since 1960s. In the late 1960s, after Spangler and Kelley developed GMR
profilometer at the General Motors Research Laboratory, the routine analysis of
pavement profiles began. NCHRP sponsored a study of response-type road roughness
measuring system such as the BPR roughometer and vehicles equipped with Mays rider
meters in the late 1970s. An objective of the study was to develop calibration methods for
the response type systems. The best correlation was obtained by using the Golden Car. In
the late 1970s, when many state and federal agencies in charge of monitoring pavement
conditions began using profilers to judge the serviceability of roads, profiling technology
found broad application beyond research in the United States. A major advantage of
9

profilers is that they are capable of providing a stable and transportable way of measuring
roughness. In other words, roughness values produced by a valid profiler can be
compared to values from prior years and values measured by other valid profilers.
Unfortunately, insufficiencies in profiler design, data processing techniques, and
operational practices have compromised the accuracy of profile measurement.
Routine analysis of road profiles began shortly after General Motor (GM)
profilometer was developed in the late 1960s by Spangler and Kelley [Sayers et al, 1986].
Like high-speed profiler today, it could measure true profile over a range of wavelengths
affecting vehicle vibrations. One of the first research applications for this type of system
combined measured road profiles with a quarter-car computer model that replicated the
Bureau of Public Roads (BPR) Roughometer, a one wheeled trailer with a road meter.
GM licensed K. J. Law, Inc. to market the device commercially and continue its
development. A commercial version was soon available that included a quarter-car
analysis to summarize roughness of the measured profiles. Users of early K. J .Law
profilometers could choose of two quarter-car data sets.
In the late 1970s, NCHRP sponsored a study of response-type road roughness
measuring systems such as the BPR Roughometer and vehicles equipped with Mays ride
meters [Gillespie et al, 1980]. The results were published in NCHRP 228. An objective of
the study was to develop calibration methods for the response-type systems. The
researchers, Gillespie and Sayers, concluded that the only valid method was calibration
by correlation against a defined roughness index. Considerable research was performed
using simulations and experiments to compare alternative reference roughness indexes.
The candidate analyses included vehicle simulation with 10 alternative sets of
10

parameters. The best correlation was obtained by using a vehicle simulation with a set of
parameter values that is often called the Golden Car.
In 1982 the World Bank initiated a correlation experiment in Brazil called the
international road roughness experiment (IRRE) to establish correlation and a calibration
standard for roughness measurement [Sayers, 1991]. In processing the data, it became
clear that nearly all roughness-measuring instruments in use through the world were
capable of producing measures on the same scale, if that scale had been selected suitable.
Accordingly, an objective was added to the research program: to develop IRI. The main
criteria in designing the IRI were that it be relevant, transportable, and stable with time.
To ensure transportability, it had to be measured with a wide range of equipment,
including response-type systems. To be stable with time, it had to be defined as a
mathematical transform of a measured profile. Many roughness definitions were applied
to the large amount of test data obtained in the IRRE. The Golden Car simulation from
the NCHRP project was one of the candidate references considered, under the condition
that a standard simulation speed would be needed to use it for IRI. After processing the
IRRE data, the best correlations between a profile index and the response-type systems
were found with two vehicle simulations based on the Golden Car parameters: a quartercar and a half-car. Both gave essentially the same level of correlation. The quarter-car
was selected for the IRI because it could be used with all profiling methods that were in
use at that time. The consensus of the researchers and participants is that the standard
speed should be 80 km/hr (49.7 mph) because at that simulated speed, the IRI is sensitive
to the same profile wavelengths that cause vehicle vibrations in normal highway use. The
research findings were highly encouraging and led the World Bank to publish guidelines
11

for conducting and calibrating roughness measurements. The researchers (Sayers,
Gillespie, Queiroz and Paterson) prepared instructions for using various types of
equipment to measure IRI. The guidelines also include computer code for calculating IRI
from profile. A companion report described the IRRE, using many analytical
comparisons of algorithms and some sensitivity analyses. In 1990 FHWA required the
IRI as the standard reference for reporting pavement roughness.

2.2 Roughness Measurement Systems

Pavement profile may be measured in the field and evaluated or summarized by
computer, or it can be processed through a mechanical response type device. The need to
evaluate roughness of pavements was recognized in the 1920s. The concept of the
functional performance of pavements was developed at the AASHO Road Test in the late
1950s. The most straightforward techniques for measuring the profile of a pavement are
with precision rod and level survey. However, it is time consuming, costly and limited to
the evaluation of short length of pavements. So there are many kinds of pavement
roughness measuring system in the United States. Generally, the roughness measuring
system can be divided into three classes:
•

Class I. Manually operated instruments accurately measure short wavelength
profiles of the pavements. The measurement interval is less than equal to 1 foot,
and the maximum error is 1.5 percent bias, or 19 inches/mile. In a Class I survey,
the longitudinal profile of the wheel path is measured manually using a rod and
level, Transportation Road Research Laboratory (TRRL) Beam, Face Dipstick, or
12

similar high-precision device. The measured profile is used as a basis for
calculating the IRI.
•

Class II: Dynamic direct profiling instruments that employ a variety of methods to
produce elevation data. The measurement interval is less than or equal to 2 feet,
and the maximum error is 5 percent bias, or 44 inches/mile. The profile of one or
both wheel paths is measured using either contact or non-contact profilometers
that have been calibrated on sections with profiles determined from a class device.
Examples of these instruments include the APL trailer, the GM profilometer, the
K.J. Law profilometer, and the South Dakota profiler.

•

Class III: Response-Type Road Roughness Measurement System (RTRRMS),
which accumulates suspension deflections (axle to body or acceleration values)
from the roadway surfaces. The maximum error associated with the operation of
these instruments is 10 percent, or 32 to 63 inches per mile, and the measurement
interval is the test section length. The measures from class III device must be
correlated with IRI using equations developed experimentally for each device.
The class III profiler must be calibrated to sections whose profiles have been
determined form a class I or class II profiler. Examples of these instruments
include the Mays Ride Meter, the Walker Roughness Device (Siometer), the BPR
Roughometer, ICC Laser High-Speed profiler and the Automatic Road Analyzer
(ARAN) unit.
Class I and class II include instruments used in the measurement of the shorter

wavelengths contained in the pavement surface profiles. The instruments within these
classifications possess the highest resolution and the smallest acceptable maximum error.
13

The disadvantage of class I and class II devices is the low operating speed and the need to
close the facility while the measurements are performed. Class II is a category based on
the assumption that pavement surface ride quality can be direct related to the passenger’s
perception of the vehicle’s vibration at a certain frequency band, rather than to the
absolute surface profile. That is, the passengers are more sensitive to the vertical
acceleration of vehicle body than to the actual elevation changes of the pavement surface.

2.2.1 Class I System

2.2.1.1 Rod and Level

Rod and level (shown in Figure 2-1) is called static because the instruments are
not moving when the elevation measures are taken. It is conventional surveying
equipment consisting of a precision rod, a level for establishing the horizontal datum, and
a tape to mark the longitudinal distance for elevation measurement.

Figure 2-1 Rod and Level
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2.2.1.2 Dipstick

The Dipstick (shown in Figure 2-2) is a device developed, patented, and sold by
the Face Company. It is the simplest devices for measuring the profile of the pavement. It
consists of an inclinometer mounted on a frame; a handle and a microcomputer are
mounted on the Dipstick.
The Dipstick is “walked” along the line being profiled. The distance between the
two support feet are 305 mm apart. To get the profile along the ground, the surveyor
leans the device so all of its weight is on the leading foot, then raising the rear foot
slightly off the ground. Then you pivot the device 180 degree about the leading foot,
locating the other foot (formerly behind) in front, along the line being profiled. The
computer monitors the sensor continuously. When it senses the instrument has stabilized,
it automatically records the change in elevation and beeps, signaling that the next step
can be taken.

Figure 2-2 Dipstick
15

The reference elevation is the value calculated for the previous point. The height
relative to reference is deduced by the angle of the device relative to gravity, together
with the spacing between its supports. The longitudinal distance is determined by
multiplying the number of measures made with the known spacing. Data analysis for IRI
computations is computerized and a continuous scaled plot of surface profile can be
printed. However, the Dipstick does not have the capability to generate RN
measurements.

2.2.2 Class II System

2.2.2.1 K. J. Law Profilometer

This profiler is a refined version of the original GM-type inertial profiler. The
original GM profiler was developed in the 1960s using inertial reference concept. The
original model consisted of two spring-loaded, road-following wheels mounted on arms
beneath the vehicle. These arms were held in contact with the road by 300-lb spring
force. A linear potentiometer measured the relative displacement between the road
surface and a computed inertial reference. Vehicle frame motion is measured by doubling
integration of the signal from accelerometers, which are mounted on the frame over each
of the rear wheels. These accelerometers sense the vertical motions of the vehicle body
relative to an inertial reference. Frame motion is added to the relative displacement
motion.
Improvements to the original profiler are designed by K. J. Law Engineers Inc.,
including "the conversion to a digital instrumentation system, a non-contacting road
16

sensor, and a digital, spatial-based processing method for computing the measured
profile. The processing method produces profile measurements that are independent of
measuring speed and changes in speed during measurement." Profiles are measured in
real time by a non-contacting optical displacement measuring system and precision and
accelerometers in the right and left wheel paths.

2.2.2.2 APL Profilometer

The Longitudinal Profile Analyzer (shown in Figure 2-3) was developed by the
French Road Research Laboratory. It consists of a towed trailer with a combination of
instrumentation and build-in mechanical properties that allow longitudinal profile to be
measured. The profile reference is provided by an inertial pendulum instead of an
accelerometer. This pendulum is centered by a coil spring and amped magnetically. A
low voltage displacement transducer is located between the pendulum and the arm of the
road wheel.

Figure 2-3 APL Profilometer
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As the trailer wheel moves up and down in response to the road roughness, the
angle between pendulum and wheel frame is measured and converted to a vertical
distance measurement, which is recorded at specified distance intervals. Due to the
mechanical nature of the device, measurements must be performed at constant speed; the
response is quite sensitive to the speed. Measurement of the profile distortions that are
significant for highway pavements requires operating the APL at approximately 13 mph.

2.2.2.3 South Dakota Profiler

The South Dakota Profiler was developed by the South Dakota Department of
Transportation in 1981. It is typically mounted in a small to mid-sized van and measures
pavement profile and rut depth. Mounted on the front of the initial vehicles are an
accelerometer and ultrasonic sensor for profile measurement in on wheel path and three
ultrasonic sensors for the measurement of the rut depth. Profile elevation measurements
are reported at 1 feet interval and rut depth elevations are measured and reported at 2 feet
intervals. Testing speed can range up to 65 mph.
Roughness output has been reported by South Dakota profiling system by a PSI
value computed form the measured profile data. Profile data are processed nearly
instantaneously by the system software using correlations between measured profile
values and rating panel values from surveys conducted in South Dakota. It also has the
capability to generate IRI from measured profile data.
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2.2.3

Class III System

There are two basic designs of response-type road roughness measuring systems
or devices: these measuring the displacement between the vehicle body and axle, and
those that use accelerometer to measure the response of the vehicle axle or body. In
reality, these devices measures the response of the vehicle to the roughness of the road;
hence, the term RTRRMS to describe this class of measuring equipment.

2.2.3.1 BPR Roughometer

The BPR roughometer (shown in Figure 2-4) was first introduced in 1925, and
was recognized as being the best high-speed roughness-measuring device available at that
time. It consisted of a single wheeled trailer that is towed by a car or a light truck at a
speed of 20 mph. The wheel is mounted on leaf springs supported by the trailer frame.
Pavement surface contours cause the sensing wheel to oscillate vertically with respect to
the frame. The vertical movement is accumulated using a numerical integrator, yielding a
roughness statistic in terms of in/mile.

Figure 2-4 BPR Roughometer
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After some period of use, it was learned that the equipment was highly susceptible
to changes in temperature and to the condition of its bearings and other mechanical
components. In addition, it has a resonant frequency problem that, it excited, produced
erroneous results. Vibrations were commonly noted at high roughness levels. As a result,
its use has gradually declined.

2.2.3.2 Laser Profiler

The Laser Profiler uses an infrared laser and precision accelerometer to obtain an
accurate, precise profile measurement at speeds up to 65 MPH. It uses the measurement
to calculate a profile index (PI), international roughness index (IRI), and ride number
(RN), which is used to rate the surface smoothness. The system also generates a
profilograph-type plot with defect locations and must grind lines, which tells the user
where the roughness exists and what corrective action to take. There are many companies
that produce laser profilers. Figure 2-5 and Figure 2-6 are the pictures of ICC laser
profiler and Automatic Road Analyzer (ARAN) of Roadware Group Inc. respectively.
The laser profiler consists of industrial PC with printer, precision accelerometer, laser
height sensor, data acquisition sub-system and distance measuring instrument. The axlemounted accelerometer is not as sensitive to the vehicle parameters as the displacement
type devices. Movement of the axle in response to road roughness depends on the amount
of tire distortion and the upward vertical force generated when the tire hits a bump and
the downward vertical force of the vehicle suspension. If the force of the suspension on
the axle is greater than the upward force generated by the bump, then the tire maintains
contact with the pavement so the axle provides a reasonable tracking of the pavement
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surface. The output of the accelerometer can be integrated twice to obtain an estimate of
the vertical axle movement. However, this integration process can magnify the effect of
undesired noise in the signal. Generally the axle mounted RTRRMS’s use a measure of
the root-mean-square acceleration of the axle to quantify pavement roughness. The data
collected is not affected by vehicle variation such as speed, weight and suspension.

Figure 2-5 ICC Laser Profiler

Figure 2-6 ARAN Laser Profiler
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The Profiler offers many benefits over the conventional method of measurement.
It doesn’t require any set up or break down and operates at speeds up to 65 mph. This
eliminates the need for lane closures or traffic control to test existing pavements. When
the Profiler is used on an all terrain vehicle it is so lightweight it can test pavements
before they have completely set up. The Profiler can be provided on any vehicle required
by the user. The system collects data in real-time as it traverses the pavement’s surface.
The raw data is processed and the results are output in standard or metric units on the flat
panel display or graphics printer and are saved on a hard drive.
The software of Laser profiler includes digital band-pass filters passing
wavelengths of 1 foot to 300 feet, digital high-pass filters passing filters passing
wavelengths of 2 feet or less, and statistical models generating the reported roughness
statistics root mean square vertical acceleration (RMSVA), mean absolute slope. The
laser profiler provides surface profile, IRI, Serviceability Index (SI) and Ride Number
output.
2.3 SDHPT’s Results
2.3.1 Background
In 1982, the Texas State of Department of Highways and Public Transportation
(SDHPT) initiated a network-level pavement evaluation system (PES) [Lu et al, 1991].
Around the same time, the Federal Highway Administration (FHWA) requested that each
state change its regulation on pavement design policy and procedure; in effect, each state
was required to establish a pavement management system (PMS), two important
functions of which are pavement evaluation and field data collection.
22

In attempting to satisfy the requirement of the FHWA, the SDHPT purchased an
Automatic Road Analyzer (ARAN) in 1987. Capable of operating at 30 to 50 mph under
normal traffic conditions, the ARAN unit is equipped with several important pavement
surface condition surveying subsystems.
Three ARAN unit subsystems in particular were evaluated: the roughness
measuring subsystem, the rut depth measuring subsystem, and the orientation measuring
subsystem. For the roughness measuring subsystem evaluation, the main activities
included an analysis of repeatability, correlation, index report interval effect, testing
speed effect, dynamic and static response, accuracy, and error.
For the subsystem modeling development, the main work was conducted using
methodologies to develop (1) calibration models for the problems found during the
subsystem evaluation and (2) other models considered useful in implementing the ARAN
unit.
The ARAN unit’s roughness outputs are Root Mean Square Vertical Acceleration
(RMSVA), Mean absolute slope (MAS), and other parameters. In the roughness
measuring subsystem, the two-part subsystem is divided according to its hardware or its
software. The hardware consists of axle and body accelerometers, analog signal
amplifiers, analog low-pass filters, and a 12-bit analog-to-digital (A/D) converter. The
software consists of digital band-pass filters passing wavelengths of 1 foot to 300 feet,
digital high-pass filters passing wavelengths of 2 feet or less, and statistical models
generating the reported roughness statistics (RMSVA, MAS and so on). These roughness
statistics are described below:
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•

Root Mean Square Vertical Acceleration (RMSVA)
RMSVA (Root Mean Square Vertical Acceleration) is defined as:

RMSVA =

1
N

N

∑ [a(i)]

2

i =1

where a(i) is the ith discrete value of filtered vertical acceleration (which must be spatially
filtered to remove any DC bias); and N is the number of sample points.
MAS is the cumulative value of the absolute vertical axle or body displacement
divided by the vehicle’s traveled distance. Mathematically:
1
MAS =
2N

2

N
⎡T ⎤
(
Δ
X
)
Z (i )
∑
⎢⎣ L ⎥⎦
i =1

where:
T =elapsed time in a test section (station), second;
L =station length, miles;
ΔX =sample interval of raw acceleration values;
N=L/ΔX; and
Z(i) =height calculated by double integrating with this equation; thus
Z(i)=Z(i-1)+a(i)+a(i-1)
2.3.2 Correlation Analysis and Roughness Calibration Models
•

Field Tests
The modified K. J. Law profilometer was used as the standard roughness

reference instrument with IRI output for the correlation analysis. It was necessary to
conduct field experiments to verify whether adequate correlations with the Texas
reference, the modified K. J. Law profilometer, were being achieved. It was also
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appropriate to determine the Texas SDHPT performance boundaries of the ARAN
roughness subsystem in terms of testing speeds, pavement types, roughness levels, and
report interval.
In order to obtain the correlation and calibration models for the roughness
measuring subsystem of the ARAN unit, 29 test sections were selected in the Texas
SDHPT study. These sections consisted of both rigid and flexible pavements and were
evaluated with both the modified K. J. Law profilometer and the ARAN unit. The 26
flexible test sites were located in the Austin area. The rigid pavement test sections were
newly constructed CRCP and had not yet been opened to the public at the time field tests
were conducted. The models developed for this research were based on the combined
data collected from both the flexible and the rigid pavement test sections.
The test sites were selected because they could provide the broadest range of
roughness levels and could be safely run at the 50 mph testing speed. The smooth sites
were needed to ensure that the subsystem had the resolution necessary to measure smooth
pavements correctly, while the rough sites ensured that the subsystem could handle the
large amplitudes generated when traveling down rough pavement. The medium sections
allowed data points to be located between the two extremes.
•

Test Consideration of the Modified K. J. Law Profilometer

(1) Testing speed. The most frequently used operational speeds of the profilometer are 20
and 50 mph. Therefore, each test section was run at the testing speeds of 20 and 50
mph.
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(2) Number of repeat runs. Three repeat runs were made for each test section and testing
speed. The mean values of the reported roughness statistics were calculated and used
as the summarized statistic. This was done to cancel the operational bias.
(3) Raw data reporting interval. The raw data reporting interval of the profilometer is set
at 6 inches. The summary statistics are reported for the entire length of a test run.
•

Test Consideration of the ARAN Unit

(1) Testing speed. The ARAN unit is designed for operation in the normal traffic speed
range. The field tests were conducted at speeds of 30, 40 and 50 mph for each test
section.
(2) Number of runs. Three repeat runs were made at each test speed on each test section.
The mean values of the repeat runs were calculated and taken as the summary statistic.
(3) Report interval. If a test pavement section is divided into L subsections, and in each
subsection M data are sampled by the roughness measuring subsystem, then the
statistical roughness outputs RMSVA, MAS are reported from these M acceleration
data. In the ARAN unit, the reported statistics of each test section are the mean values
of the statistical roughness outputs calculated in each subsection (L). The factor of
report interval does not have a statistically significant effect on the roughness
statistics. Therefore, it was not critical to choose a specific report interval for the
correlation analysis and calibration. The report interval of 0.005 mile was chosen for
every test because as much data as possible per test run was desired.
(4) Raw data sampling interval. The raw data sampling interval is not adjustable in the
ARAN unit. The data summary interval of the roughness measuring subsystem is 6
inches.
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2.3.3 Conclusion
(1) It shows the roughness statistics collected from the field tests using the
ARAN unit and the modified K. J. Law profilometer, respectively. These test sections are
divided into three roughness-level groups, as previously mentioned. This wide roughness
distribution makes the correlation analysis results suitable across the wide roughness
levels that are normally found in the Texas highway network.
The linear model proposed for the research evaluation effort is:
Roughness (Prof) = A + B x Roughness (ARAN)
where A and B are constant.
Two statistical indices showing the correlativity of two instruments are used. One
is the R square value and the other is the root mean square error (RMSE), defined by

1 N
∑ (xi − yi )
N i =1
where N is the number of test section (N=29), xi is the estimation of the roughness
RMSE =

statistic of the profilometer at ith test section, and yi is the roughness statistic measured
by ARAN unit at ith test section.
(2) Different testing speeds of the ARAN unit result in different correlation
models in terms of parameters A and B. This indicates that the testing speed has a direct
impact on the roughness statistic measured and reported by the ARAN unit.
(3) The correlation models developed from these field tests are speed-dependent.
If no effect-canceling model is implemented, the correlation models should be used only
for a given operation speed.
(4) Report interval does not have a significant impact on the roughness outputs.
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2.4 Computation Methods of Inertial Based Profiling System

Several computation methods are available to get the profile. The methods are
Spangler’s method used in K. J. Law profilometer, the Swedish Road and Traffic
Research Institute’s (VTI) profiling method, and the Pennsylvania Transportation
Institute’s (PTI) profiling method.
The Spangler’s profile computation method is based on the following equation:
P = (W − Y ) + ∫∫

Y&&
dsds
V2

Here, P is the computed profile; (W-Y) is the height measurement; V is the
vehicle’s speed measurement; ds is the integration distance interval. Y&& is the vertical
acceleration.
In VTI profiling method, the acceleration signal is integrated first and high-passed
by a second order filter. Then the height measurement is differentiated and high-pass
filtered. The profile slope was obtained and mapped into spatial domain from time
domain. Finally, the slope profile is integrated and the profile is obtained.
The PTI profiling method was developed by Pong. The profile computation
algorithm includes a double integration routine for processing acceleration signals and a
high pass filter routine to remove the unwanted low frequency profiles. Three steps for
signal processing were performed. First, acceleration signals were double integrated over
the time period for the vehicle to pass the distance sampling interval. Second, both the
integrated signals and the height signals pass digital filters to remove profiles with
wavelength longer than 300ft. Finally, the profile is the sum of both the filtered integrated
acceleration and height signals.
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From the calculation procedures of these profiling computation methods, the
phase shift was introduced. At the same time, the errors measured in the acceleration
would be enlarged due to double integration. The new computation method needs to be
developed to remove the phase shift introduced by these three computation methods.
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CHAPTER 3
METHODOLOGY

3.1 Introduction

In the thesis research, an inertial-based automatic pavement roughnessmeasuring system was developed. The methods used in the system are described in
detail here.
This chapter consists of three sections. The first section will explain the
methodology used to get the pavement profile from the vertical acceleration,
longitudinal distance and height distance. Then the quarter car model, the algorithms of
calculating International Roughness Index (IRI) and Ride Number (RN) are described in
details. Finally the digital filter and power spectrum analysis will be explained and the
discussion of their application in the pavement measurement system.

3.2 Method to Get Road Profile

Inertial profilers compute profile from a combination of the output of three
sensors: a height sensor, an accelerometer and a longitudinal distance sensor. Vertical
acceleration measured at a point fixed on the vehicle body is integrated twice to construct
floating reference height. The height sensor, mounted in the same position as the
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accelerometer, measures the distance from the floating reference height. The height
sensor signal is subtracted from the height of the floating reference to compute the profile
elevation. The longitudinal distance measurement is needed to associate a position with
each profile elevation. This method of measuring profile was invented by Elson Spangler
and William Kelly. It is described mathematically by the following:
Z ( x ) = H ( x ) + ∫∫ At ( s ) / V 2 dsds
x

Where x is longitudinal distance, Z ( x ) is the computed profile, H ( x ) is the height sensor
measurement, the term with integral is the floating reference derived from vertical
acceleration At (s ) and forward speed V. The acceleration is divided by forward speed
squared to convert it into spatial acceleration in units of 1/length. The height sensor
measurement is the distance from the vehicle to the ground and should always be
negative.
All inertial profilers use a discrete adaptation to compute profile. The procedures
we used to compute the profile are:
1). Calculate the bias in the accelerometer signal and remove it. This step helps
minimize error in the integration that follows.
2). Convert temporal acceleration At to spatial acceleration As .
3). Integrate the spatial acceleration once to obtain slope. This is done with a
recursive finite difference equation:
S a (i ) = C • S a (i − 1) + Δ • As (i )
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Where Δ is the sample interval and Sa is the component of the slope profile measured by
the accelerometer. The first term includes a drift removal coefficient: C = Δ / L , L is
usually set the three times the longest wavelength of interest.
4).Differentiate the height sensor signal (H) once to obtain slope:
S h (i ) =

C • H (i + 1) − H (i )
Δ

Where S h is the component of the slop profile measured by the height sensor.
5). Combine the slope from the height sensor and accelerometer signals to get the
slope of the road profile (S): S h = S a (i ) + S h (i ) . If the final goal of the profile
measurement is to get IRI or RN, this result can go directly into the calculation.
6). Integrate the slope profile to obtain elevation. The integration is performed
backward in this step to cancel the phase lag introduced in the computation of the slope
profile.
This method of profile computation cancels the phase shift associated with
integration by moving forward through the profile in steps 1 to 5, then backward in step 6.
7). Use the trend remove algorithm to get rid of the profile trend.

3.3 IRI and RN Models and Algorithms

3.3.1 Quarter Car Model
The concept of quarter-car simulation as a method for analyzing pavement profile
data was originally an attempt to simulate the output of the BPR roughometer.
Subsequently, vehicle simulation studies at the University of Michigan demonstrated that
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full-car and half-car simulation models do not provide an advantage over the quarter-car
simulation and are computationally much complicated.
The parameters of the quarter-car that are shown in Figure 3-1:

Figure 3-1 Quarter-car Model
these parameters include the major dynamic effects that determine how roughness causes
vibration in a road vehicle. The masses, springs, and dampers are defined by the
following parameters: the sprung mass of the vehicle body; the suspension spring and
damper (shock absorber) constants; the Unsprung mass of the suspension, tire, and wheel;
and the spring constant of the tire. Theoretical correctness would require a damper
constant for the tire. However, practical application generally ignores this term.
Mathematically, the behavior of a quarter-car can be described with two-second
order equations:
..

..

..

.

M S Z S + M U Z U + K t (ZU − Z ) = 0

and
.

M S Z S + C S (Z S − Z U ) + K S (Z S − ZU ) = 0
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Where
Z = road profile elevation,
Zu = elevation of unsprung mass (axle),
Zs = elevation of sprung mass (body),
Kt = tire spring constant,
Ks = suspension spring constant,
Cs = shock absorber constant,
Mu = unsprung mass (axle), and
Ms = sprung mass.
The double dot notation above the elevation terms represents acceleration while
the single dot represents velocity.
To simplify the equations, the parameters are normalized by the sprung mass, Ms.
The following values for the normalized parameters define the Golden Car data set:
K1 = Kt / Ms = 653,
K2 = Ks / Ms = 63.3
C = Cs / Ms = 6.0
M = Mu / Ms = 0.15
Since RTRRMS devices generally measure the movement between the vehicle
axle and body, simulation requires calculation of the difference in elevation between the
body and axle in response to the road profile and forward motion of the vehicle. This is
accomplished by integrating the difference in the velocities between the sprung and
unsprung mass; producing the quarter-car statistic, QCS:
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QCS =

.
1 T .
Z
−
Z
U dt
S
C ∫O

(1)

The term C represents either the total time required to traverse the section of road
or the length of the section, L. If the time factor is used to normalize the quarter-car
statistic, the calculation results in an average rectified velocity, while a distance base
yields the average rectified slope.
There are several acceptable numerical techniques for the solution of Equation 1.
However, the linear nature of the equations permits an exact solution with the state
transition matrix method.
Historically, two sets of vehicle parameters have been used for computing
quarter-car statistics for calibration of RTRRMS devices. A set representing the original
BPR Roughometer trailer was used for several years, until research at the Highway
Safety Research Institute (HRSI) produced an updated set of vehicle parameters. The
World Bank recommends the HSRI vehicle parameters and has termed the quarter-car
statistic computed as the international roughness index, IRI.
Although the mathematical base for quarter-car simulation is somewhat complex,
computer programs are readily available for performing the calculation.
3.3.2

Calculation of IRI
The calculation of the international roughness index (IRI) is accomplished by

computing four variables as functions of the measured profile. (These four variables
simulate the dynamic response of a reference vehicle, shown in Figure 3-1, traveling over
the measured profile.) The equations for the four variables are solved for each measured
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elevation point, except for the first point. The average slope over the first 11m (0.5 sec at
80 km/h) is used for initializing the variables by assigning the following values:
Z 1' = Z 3' = (Ya − Y1 ) / 11
Z 2' = Z 4' = 0

(2)

a = 11 / dx + 1

where Ya is the “a-th” profile elevation point that is a distance of 11m from the start of
the profile, Y1 is the first point, and dx is the sample interval. (Thus, for a sample interval
of dx=0.25m, Equation 2 would use the difference between the 45th elevation point and
the first elevation point to establish an initial slope for the IRI computation.)

The following four-recursive equations are then solved for each elevation point,
from 2 to n (n =number of elevation measurement):
Z 1 = s11 × Z 1' + s12 × Z 2' + s13 × Z 3' + s14 × Z 4' + P1 × Y '

(3)

Z 2 = s 21 × Z 1' + s 22 × Z 2' + s 23 × Z 3' + s 24 × Z 4' + P2 × Y '

(4)

Z 3 = s31 × Z 1' + s32 × Z 2' + s33 × Z 3' + s34 × Z 4' + P3 × Y '

(5)

Z 4 = s 41 × Z 1' + s 42 × Z 2' + s 43 × Z 3' + s 44 × Z 4' + P4 × Y '

(6)

Where:
Y ' = (Yi − Yi −1 ) / dx = slope

Z 'j = Z j

from previous position

j = 1L 4

(7)

Sij and Pj are coefficients that are fixed for a given sample interval, dx, thus, the
equations 3 to 6 above are solved for each position along the wheel track. After they are
solved for one position, Equation 7 is used to reset the values of Z1', Z2', Z3' and Z4', for
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the next position. Also for each position, the rectify slope (RS) of the filtered profile is
computed as:

RS i = Z 3 − Z1
The IRI statistic is the average of the RS variables over the length of the site.
Thus, after the above equations have been solved for all points, the IRI is calculated as:

n

IRI = [1 /( n − 1)]× ∑ RS i
i=z

The above procedure is valid for any sample interval between dx=0.25 m and
dx=0.62 m (2.0ft). For shorter sample intervals, the additional step of smoothing the
profile with a 0.25m moving average is recommended to better represent the way in
which the tire of a vehicle envelops the ground. Then the IRI is calculated by solving the
equations for each average point using coefficients in the equations appropriate for the
smaller interval.
The computed IRI will have units consistent with those used for elevation
measures and for the sample interval. For example, if elevation is measured as
millimeters and dx is expressed in meter, then the IRI will have the preferred units:
mm/m=m/km=slope*10. The coefficients used in Equations.17 through 20 are calculated
from the equations of motion that define a quarter-car model. In the general case, they are
specific to the vehicle model parameter values, simulation speed, and the sample interval.

The IRI summarizes the roughness qualities that impact vehicle response, and is
most appropriate when a roughness measure is desired that relates to: overall vehicle
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operating cost, overall ride quality, dynamic wheel loads, and overall surface condition.
Figure 3-2 shows IRI ranges represented by different of road.

For the specific case of IRI, defined by the NCHRP 228 parameters [Wambold,
1980] and a standard 80km/hr simulation speed, they depend only on the sample interval.
Complete instructions for measuring IRI are available in Sayers, gillespie, and Queiroz
[Janoff et al, 1990]. The instructions include listings of computer programs that solve the
equations of motion and also computer programs that calculate the coefficients.

Figure 3-2 IRI Roughness Scale

3.3.3

Calculation of RN

RN is the result of two NCHRP researches performed in the 1980’s by Janoff to
investigate the effect of road surface roughness on ride comfort. The objective of these
researches was to determine how features in road profiles were linked to subjective
opinion about the road from members of the public. During two studies, spaced at about a
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5-year interval, mean panel ratings (MPR) were determined experimentally on a 0-to-5
scale for test sites in several states. The 0 to 5 scale as shown in Figure 3-3 was used for a
large-scale road test conducted by AASHO in the 1950’s, in which roads were subjected
to mixed traffic and researchers tracked the condition of the pavement.

Figure 3-3 Subjective Rating Scales for Roads

Longitudinal profiles were obtained from left- and right-wheel tracks of the lanes
that were rated. RN is an estimate of MPR. The mathematical procedure developed to
calculate RN is described in NCHRP Report 275, but not in complete detail. In 1995,
some of the data from the two NCHRP projects performed and a panel study conducted
in Minnesota were analyzed again in a pooled-fund study initiated by the Federal
Highway Administration to develop and test a practical mathematical process for
obtaining RN based on objective measurement, not subjective rating. The method was to
be provided as portable software similar to that available for the IRI, but for predicting
MPR rather than IRI.
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RN is a nonlinear transform of a statistic called profile index (PI). PI is calculated
from one or two profiles. The profile is filtered with a moving average with a 250-mm
(9.85-in) base length. The moving average is a low-pass filter that smoothes the profile.
The computer program does not apply the filter unless the profile interval is shorter than
167mm (6.6 in). The profile is further filtered with band-pass filter. The filter uses the
same equations as the quarter-car model in the IRI. However different coefficients are
used to obtain the sensitivity to wave number shown in the last figure. The quarter-car
parameters for the PI calculation are:

K1 = Kt / Ms = 5120,
K2 = Ks / Ms = 390,
C = Cs / Ms = 17
M = Mu / Ms = 0.036
The filtered profiles are reduced to yield PI, which should have units of
dimensionless slope (ft/ft, m/m, etc). Then, PI is transformed to RN. RN is defined as an
exponential transform of PI according to the equation:

RN = 5 ∗ e −160 ( PI )
If a single profile is being processed, PI is calculated directly. If two profiles for
both the left- and right-wheel tracks are processed, PI values from the two wheel tracks
are averaged with the following equation, then previous equation is applied.
PI =

PI L2 + PI R2
2
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Figure 3-4 shows the sensitivity of RN to wave number. The maximum sensitivity
of RN is for a wave number of 0.164 cycle/m (0.05 cycles/ft), which is a wavelength of
about 6 meters (20 ft). The IRI has a great sensitivity to a wavelength of 16 meters (wave
number of 0.065 cycle/m). The figure shows that RN has a low sensitivity to that
wavelength and even lower sensitivity for longer wavelengths.

Figure 3-4 Sensitive of RN to Wave Number

3.4 Digital Filter

The true profile is continuous. It is a slice of the pavement or ground surface.
Instruments that produce continuous measures are called analog, because the measure is
analogous to the variable of interest. Alternatively, a continuous variable is often
represented with a sequence of numbers called as digital signal. Most of the modern
profilers produce sequences of numbers stand for the pavement profile.
The reason why we try to apply the digital filter technology is because a profile
can be thought as consisting of different kinds of signals. For example, as shown in
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Figure 3-5, it is a part of true pavement profile. Even though there is a general slope
cover from the start point to the end point, you can still find a lot of micro-texture exists
in this section of the pavement.

Figure 3-5 Pavement Profile
After a measurement is made, all we know about the road profile are the numbers that
make up our measurement and we can plot the curve of the profile form the result of
measurement as shown in the Figure 3-6.

Figure 3-6 Measured Profile
If we want to get the picture about the micro-texture condition of that pavement,
we can apply the digital filter to process above data and get the profile like Figure 3-7:
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Figure 3-7 Filtered Profile
Signal processing is the mathematical analysis and transformation of signals. A
digital filter is a calculation procedure that transforms a series of numbers (a signal) into
a new series of numbers. In order to make practical use of a profile measurement, it is
necessary to filter the sequence of numbers that makes up the profile. Profiling
information is used to evaluate the condition of pavements and to manage road networks.
A profile consists of different wavelengths, varying from a few centimeters to hundreds
of meters. It is also necessary to filter profile data to view different types of profile
features, i.e., the profile are filtered to include only those waves of interest. When
analyzing pavement profile, it is desirable to remove the long wavelengths when the road
trend is desired, to remove the short wavelengths if expected to get the pavement details.
In summary, digital filter is the mathematical analysis and transformation of
signals. Signals are filtered mainly for two reasons:
1) to improve the quality of measurement by eliminating unwanted “noise” .
2) to extract information of interest from the signal.
To make practical use of a profile measurement, it is almost mandatory to filter
the sequence of numbers that make up the profile. A much simpler filter, commonly used
in profile analysis, is called the moving average. A moving average filter simply replaces
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each profile point with the average of several adjacent points within some base length.
For a profile p that has been sampled at interval, a moving average smoothing filter is
defined by the summation:

p fl ( i ) =

1
N ave

i+

B
2 ΔX

∑

p( j)

B
j =i−
2 ΔX

where,
p f is the smoothed profile

B is the base length of the moving average
N ave is the number of samples included in the summation.
The ratio B/(2 ΔX ) is often not an integer. The round-off method influences the
effective base length of the moving average.
The effect of a moving average filter can be demonstrated in Figure 3-8. The
effect is to smooth the profile by averaging out the point-by-point fluctuations.

Figure 3-8 Effect of Moving Average Filter
There are four basic filter types; Low-pass, high-pass, band-pass and band-stop.
There are also two types of filters: Finite impulse response (FIR) and infinite impulse

44

response (IIR). In general FIR filters can be designed to have exact linear phase and there
is also great flexibility in shaping their magnitude response. In addition, FIR filters are
inherently more stable and the effects of quantization errors are less severe than IIR
filters. Conversely, IIR filters require fewer coefficients than FIR filters for a sharp cutoff frequency response, and analogue filters can only be modeled using IIR filters.
The method of digital filter design is built upon a more fundamental approach that
is call Fourier series method. This method is based on the fact that the frequency response
of a digital filter is periodic and is therefore represented as a Fourier series. A desired
target frequency response is selected and expanded as Fourier series. This expansion is
truncated to a finite number of terms that are used as the filter coefficients or filter orders.
The resulting filter has a frequency response that approximates the original desired target
response.
Digital filters can be implemented in two ways, by convolution (called finite
impulse response or FIR) and by recursion (called infinite impulse response or IIR).
The general form of the digital filter difference equation is:
N

N

i =0

i =1

y ( n) = ∑ ai x(n − i ) + ∑ bi y (n − i )

where y(n) is the current filter output, the y(n-i)’s are previous filter outputs, the x(n-i)’s
are current or previous filter inputs, the ai’s are the filter’s feed forward coefficients
corresponding to the zeros of the filter, the bi’s are the filter’s feedback coefficients
corresponding to the poles of the filter, and N is the filter’s order. IIR filters have one or
more nonzero feedback coefficients. That is, as a result of the feedback term, if the filter
has one or more poles, once the filter has been excited with an impulse there is always an
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output. FIR filters have no non-zero feedback coefficient. That is, the filter has only zeros,
and once it has been excited with an impulse, the output is present for only a finite (N)
number of computational cycles.
The recursive filter is described by a difference equation given by:
y[n] = a 0 x[n] + a1 x[n − 1] + a 2 x[n − 2] + ... + b1 y[n − 1] + b2 y[n − 2] + ...
By using the z-transform, we can system’s transfer function can be given by:
H [ z] =

a 0 + a1 z −1 + a 2 z −2 + a3 z −3 + ...
1 − b1 z −1 − b2 z − 2 − b3 z −3 − ...

So the major task of filter design here is to calculate the value of all coefficients, and the
major steps to get all the coefficients are described as follows:
Step 1. Specify a desired frequency response H d (λ ) , including the magnitude
and cutoff frequencies, for example, the cutoff frequencies for band pass filter are λ L and

λH .
Step 2. Specify the desired number of filter orders N.
Step 3. Compute the filter coefficients h(n) for n=0, 1, 2,..., N-1 using

h( n) =

1
2π

∫π H

d

(λ )[cos(mλ ) + j sin(mλ )]dλ

2

The coefficients h(n) for an ideal band pass filter are calculated as:
⎧ λH − λL
⎪⎪ π
h( n) = ⎨
⎪ 1 [sin(mλ ) − sin( mλ )]
H
L
⎪⎩ mπ
where:
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m=0
m≠0

⎧n − ( N − 1) / 2
m=⎨
⎩n − N / 2

n
n

odd
even

During the research period, the Chebyshev filter was developed. The Chebyshev
filter is a mathematical strategy for achieving a faster roll-off by allowing ripple in the
frequency response. Digital filters that use this approach are called Chebyshev filters.

3.5 Maximum Entropy Spectrum Analysis

Road profile usually does not contain identifiable sinusoids. It means that an
arbitrary profile shape can be constructed artificially by adding together a series of
sinusoids with different wavelengths, amplitudes and phases. If a profile is defined with
N equally spaced elevation points, then it can be duplicated mathematically with N/2
sinusoids. Because there are so many sinusoids being added, their individual amplitudes
are not large. A mathematical transform called a Fourier transform can be used to
compute the amplitudes of the sinusoids that could be added together to construct the
profile. The Fourier transform can be scaled such that it shows how the variance of the
profile is distributed over wave numbers associated with sinusoids. When scaled in this
manner, the analysis is power spectral analysis. Power comes from its application in
electronics, where it is applied to voltages. The variance of a voltage is proportional to
power in a resister, so the power spectral analysis illustrates the distribution of power
over frequency. The mathematical calculations can be applied to road profiles.
Characteristics of profile are important when evaluating pavement roughness.
Traditional research is based on analysis in the time or space domain, and its scope is
sometimes limited because of lack of methodology or limitations of those domains.
47

Maximum entropy spectral analysis was first proposed by J.P. Burg in 1967, which has
developed in the past several decades. It is also called modern spectrum compared with
classical FFT method. In the research the maximum entropy spectral analysis will be used
to evaluate and compare the road roughness condition related to profile under different
road conditions. Below are some basic concepts of spectral analysis.
Suppose pavement profile sampled at time interval T can be abstracted as a
discrete sequence, called the discrete profile sequence or

{a i } = {a1 , a 2 ,.... a n }
where a i = ith profile data sampled at time interval T (sec).
Consider the inverse discrete Fourier transformation of the discrete data sequence
defined by Oppenheim:
1 N −1
ai =
H k e jik 2 π / N
∑
N k =0

( i=1,2….N)

where
N = length of the sequence (number of data points in the sequence),
a i = ith profile data,
H k = weights (k =0, 1, 2,…., N-1), and j= ( −1)1/ 2
a i can be considered a weighted summation of sine function e jik 2π / N . If a new

variable w k is defined by
w k = k 2π / N (k= 0,1,2,….N-1)

then
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ai =

1
N

N −1

∑H
k =0

k

e jiwk

( i=1,2….N)

and

e j (iwk ) = sin wk i + j cos wk i
Usually, the variable w k

is called frequency and is within the range

[0, 2 π( N − 1) / N ] . From this Equation, it is known that the larger the H k , the more sine
components with frequency w k the discrete acceleration sequence { a i } contains.
Mathematically, it can be proved that
+∞

H k = H(w k ) =

∑ a i e − jiw k

i = −∞

[ w k = 0,2 π / N ,4 π / N ,...,2 π ( N − 1) / N ]
In other words, H ( w k ) is the discrete Fourier transformation of { a i } and the function of
frequency w k . The equation implies that the discrete sequence { a i } in the space domain
can be transferred into the frequency domain sequence {H (w k ) }, and characteristics of
sequence { a i } can be analyzed in the frequency domain—that is, knowing H ( w k ) , one
can analyze the characteristics of { a i }. Since H ( w k ) is an imaginary sequence, a real
function is defined by
S( w k ) = H ( w k )

2

where S( w k ) is called the spectral density function of sequence{ a i }. To calculate
H ( w k ) , the summation should be from - ∞ to + ∞ . In practical engineering cases,

sequences of N are finite because one can’t collect infinite sequences of data. The
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spectral density function S( w k ) thus should be estimated from { a i } by some estimation
model.
In the area of spectral function estimation, several mathematical methods are
available, such as fast Fourier transformation (FFT), maximum likelihood spectral
estimation, and maximum entropy spectral estimation (MESE). The MESE method is one
of the best.
The MESE method was introduced by Burg in 1968. Like maximum likelihood
spectral estimation, MESE is a kind of estimator of parameter estimation. Consider a
discrete sequence { a i }with sequence length N and sample interval T. If the sequence is a
stationary, zero mean, approximately normally distributed, and band-limited stochastic
process, then entropy of the sequence is defined as
H=

1
1 B
ln( 2 B ) + B ∫ ln[ S ( w)]dw
2
4 −B

where B is band width of the sequence and S(w) is the spectral density function of the
sequence, or
+∞

S( w ) = T

∑ R( m)e − jmTw

m = −∞

R(m) is defined as the autocorrelation function of sequence{ a i }
R(m)=E{ a i a i + m }
So entropy is obtained by
H=

+∞
1
1 B
ln( 2 B ) + B ∫ ln(T ∑ R ( m )e − jmTw )dw
2
4 −B
−∞

Suppose the values of autocorrelation R(m) are given for m = 0, 1, 2….M. then
the corresponding extension of autocorrelation function is defined by convolution sum
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M

R ( m) = − ∑ R ( m − k ) b k

(m>M)

k =1

or, equivalently,
M

∑ R( m − k) b k = 0

k =0

( b 0 = 1, m> M)

The method that Burg introduced maximizes entropy H with respect to R(m)
( m > M ) with restrained condition, so that parameter b1 , b 2 ,... b M can be obtained.
Mathematically, this can be expressed as
H
=0
R ( m)

m >M

M

∑ R( m − k) b k = 0

k =0

It can be proved that with the conditions, sequence{ a i } can be related by the
following auto-regression model, called AR(M) model:
a i = − b1a i − 1 − b 2 a i − 2 −...− b M a i − M + e i

where M is the order of the AR(M) model and { e i } is an approximately normally
distributed disturbance with zero mean value. The estimator of the parameter
( b1 , b 2 ,..., b M ) can be obtained by the Yule-Welker equation:
RB=P
where R is the autocorrelation matrix of sequence{ a i }. R is called the Toeplitz matrix:
where
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⎡ R (0)
⎢ R (1 )
⎢
R = ⎢
L
⎢
⎢ R ( M − 1)
⎢⎣ R ( M )

R ( − 1)
R (0)

L
L

R (1 − M )
R (2 − M )

L
R (M − 2)
R ( m _ 1)

L
L
L

L
R (0)
R (1 )

R (− M ) ⎤
R (1 − M ) ⎥
⎥
L
⎥
⎥
R ( − 1) ⎥
R ( 0 ) ⎥⎦

and
⎡ PM ⎤
⎢ 0 ⎥
⎢
⎥
⎢ . ⎥
P=⎢
⎥
⎢ . ⎥
⎢ 0 ⎥
⎢
⎥
⎣ 0 ⎦

⎡ 1 ⎤
⎢ b ⎥
⎢ 1 ⎥
⎢ . ⎥
B=⎢
⎥
⎢ . ⎥
⎢bM −1 ⎥
⎢
⎥
⎣⎢ bM ⎦⎥

where PM = E{(e i ) 2 } .
Finally, with all parameters estimated by MESE algorithm, the maximum entropy
spectral density function can be expressed by
PM T

S( w ) =

M

1+

∑ b me

2
− jmTw

m =1
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CHAPTER 4
SYSTEM DEVELOPMENT

There are primarily two types of equipment measure Road roughness in the
United States: direct type profiler, and response type road roughness measuring system.
Ideally, the road profiling method gives accurate measurement of the pavement profile
along a reference path and the response-type method can be operated at high speed and
needs to be calibrated using Dipstick or direct type profiler. The results from inertialbased system are acceptable if calibrated accurately.
This chapter describes the high speed laser profiler design. It demonstrates the
decisions made in the design, their rationale and the particular details of the hardware and
software design. It is felt that the overall system description is necessary and then the
profiler software, also called the Laser Inertial-based Pavement Roughness Evaluation
System (LIPRES) is described.

4.1 System Requirements

To obtain information from a measured profile, there are two basic requirements:
1) The system must be capable of sampling the relevant information present in
the true profile.
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2) The computer software must exist to process the measured values to extract
the desired information (such as a summary index).
Because pavement roughness is defined over a pavement profile and the length of
it is normally five hundred to six hundred feet, the size of data needed to get the profile
will consume a lot of memory due to the small sample interval. It is complicated if the
user want to process the profile to get what he wants. With the development of electronic
and computer technology, we can use the electronic device and computer system to
provide the data logging and data analysis process easily. However, there are still several
factors need to be taken into account:
•

How the computer connect to the electric part of devices, that is, how the

computer get the signal of the electric part of the sensors.
•

Other factors to be considered are the easy use of sampling under the testing

environment and software compatibility.
Based on the above pavement roughness measurement requirements, we followed
following approaches:
•

The profiler system consists of a vehicle; a laptop computer is connected with

several sensors through A/D card with PCI interface and combined with specific
software.
•

The power supply for the sensor is from voltage inverter connected from the

vehicle electric outlet.
A profiler is an instrument used to produce a series of numbers related in a welldefined way to a true profile. It measures the components of true profile that are needed
for a specific purpose.
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A profiler works by combining three ingredients:
•

a reference elevation,

•

a height relative to the reference, and

•

Longitudinal distance.

The factors that may affect to get a true profile include the physical configuration
of the systems, the capabilities of the sensors, and the manner in which the sensor signals
are processed. There are minimum performance specifications for components of the
profiling system, standards for equipment design, procedures for ensuring that
components are functioning properly and some improvements for error detection and
diagnosis.
Sample interval is important factors when measuring profile. It is relate to well
established sampling theory, but are intimately tied with the selection of the minimum
sample interval necessary for measuring profile.
The profile is computed from a combination of longitudinal distance, height and
acceleration measurements. The height and acceleration measurements require special
conditioning, because they are random signals. The accelerometers in a profile are analog
sensors. They output voltage that is continuous and proportional to the acceleration.
Height sensors can make a measurement a finite number of times in a second. Usually,
the height sensor measures over 1k sample per second. It is impractical to record and use
all of the data that is measured by the sensors in a profiler. Thus, data are digitized and
recorded into computer at discrete intervals. The longitudinal distance between points
that are digitized and fed into the profile computation algorithm is the sample interval of
the profile.
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A crucial step that must be performed on the height sensor and accelerometer
signals before the data are recorded is anti-aliasing. Aliasing is a problem inherent in all
digital sampling. As a consequence of digitizing at a given sample interval, some high
frequency components of quantity being measured will contaminate the lower frequency
components. This problem is solved by filtering the sensor signals.
There are mainly 3 types of sensors used in a laser profiler: accelerometer, height
sensor and longitudinal distance measurement. The requirement for each sensor and
sensor specification are specified as follows.
Accelerometers
Accelerometer is used in a high speed profiler to establish an inertial reference
from which relative height measurements are made. The vertical acceleration of the host
vehicle body is integrated twice to establish vertical position. This is used as a floating
reference height, and the height sensor measurement is subtracted from it to get a road
elevation.
Accelerometer should be oriented vertically. The Accelerometer is mounted just
above the height sensor. Thus, the accelerometer is not always perfectly vertical when the
vehicle body undergoes pitch and roll as it travels over uneven roads. An error occurs if
the vehicle pitches and accelerates longitudinally at the same time. But this error is small
if the lateral and longitudinal accelerations are held under 0.1G. The accelerometer we
used in the profiler measures the true vertical acceleration accurately even if the vehicle
body is tilted. The accelerometer in the profiler used has a total range of -10g to 10g. This
is enough for normal road use.
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To properly capture the wavelength range of interest for measurement of road
roughness, the accelerometer has a natural frequency of 100 Hz, which can measure a
wavelength of 0.3m at a travel speed of 100 km per hour, which is the limit of the
profiler.
Height Sensor
The height sensor in the profiler measures the vertical distance from the vehicle to
the road. This value is subtracted from a floating reference height, measured by the
accelerometer, to get road elevation. It is laser distance sensor by means of triangulation.
A spot of invisible light is projected onto the road surface. It is reflected through a lens
mounted at an angle onto a light sensitive displacement sensor. The height sensor has a
fast respond speed of over 1000 samples per second so that the profiler can get a sample
interval less than 10 mm at a speed of 60 km per hour.
Sayers’ study shows that the resolution required of the profile for accurate
measurement of IRI less than 3.0m/km, a resolution of 1mm and a sample interval of
500mm or less was required. On roads rougher than 5 m/km, a resolution of 2.5 mm was
permissible. The resolution required of the height sensor is about the same magnitude.
The resolution of the height sensor used in the profiler is 0.4mm, which meets the
requirement for measuring road profile and can be used at an inertial based roughness
measurement system.
Longitudinal Distance Sensor
The distance-measuring instrument is one the three major types of transducers
that make up a profiler. Distance must be measured properly to obtain accurate roughness
statistics, but it must also be correct from an operational standpoint. In network
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monitoring, applications roughness is often measured over very long distance, such that a
small bias in longitudinal distance measurement may build up to a large net error. The
error throws off distance accounting and the longitudinal positioning of each segment. In
project level applications, measurement of new construction corrective action is often
recommended at specific locations. Thus, accurate measurement of longitudinal distance
relative to fixed landmarks is very important.
In the laser profiler, distance traveled is measured by a pulse sensor on one of the
vehicle wheels. The configuration is to install an exciter right with equally spaced
notches on the back side of the disc brake rotor of one of the wheels, and then the
distance sensor is mounted to the board. Rotation of the wheel is measured by detection
of pulses as the wheel rotates. The pulse sensor can measure up to several thousands
pulses for each round. During normal operation, each pulse is associated directly with a
fixed travel distance through the rolling radius of the tire. The rolling radius is the
effective radius of the tire when the vehicle is moving. It is generally smaller than the
unloaded radius of a tire, but larger than the radius of a loaded but stationary tire.
Because the rolling radius can not be measured statically, the distance pulse sensor must
be calibrated. This is done by traveling a know distance and counting the pulses.

4.2 Hardware Description

4.2.1

Laser Profiler Introduction
The objective in the development of the laser profiler is to develop a high speed,

inexpensive, easily to operate device. The profiler can measure the roughness of a long
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distance section with speed from 20 to 60 km per hour. It is supposed to be a relatively
precise machine suitable for measuring surface roughness within a class III profiler
confidence applied on the new pavement constructions, reconstruction or overlay.
The profiler is an instrument designed to facilitate the efficient collection and
presentation of continuous paved surface information, including distance, profile and
International Roughness Index (IRI), Ride Number (RN) values. It works by combining
three ingredients: (1) a reference elevation; (2) a height relative to the reference; and (3)
longitudinal distance. Figure 4-1 shows a simplified view of the three ingredients in an
inertial based laser profiler.

Figure 4-1 The Inertial Based Laser Profiler
The profiler enables accurate recording of measurements for road profile, level for
surfaces such as paved roads, footpaths, runways, building slabs and sporting surface.
Figure 4-2 is a photo of the laser profiler. Figure 4-3 shows the prototype of the
laser profile which you can see the how the sensors mounted onto the vehicle. These
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compact and easy-to-use devices are installed onto the vehicle and travel over the road
surface to be surveyed. The computer inside the vehicle collects and records the sample
signal from each sensor mounted on the vehicle. After sampling, it calculates and
displays graphics and tables results. The system comes with a complete software package
that provides all the data acquisition, data processing work. It can also output all major
roughness indices.

Figure 4-2 Laser Profiler

Figure 4-3 Prototype of Laser Profiler
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4.2.2 Hardware Architecture
Figure 4-4 shows a schematic diagram of the hardware architecture of the laser
profiler. When the operator collects the pavement roughness data, he can sit inside the
card and works on the software to begin sampling. The sampled data come from three
sensors: the longitudinal distance is from the pulse sensor, vertical height is from the
laser height senor, and acceleration is from the accelerometer. All the data will be
transmitted to the desktop computer. The power is from the high capacity battery, and by
which also powers all sensors. The computer will process the data and output the process
result. There are also several voltage converters that convert the battery voltage to the
voltage each sensors needed. The provided desktop computer is with the necessary
communication cable and power cable.

Accelerometer

Height
Distance
Sensor

Longitudinal
Distance
Sensor

A/D Converter

Transducer

Data Sampling

PCI
Interface

System
Configuration

Data Processing:
IRI and RN

Digital
Counter

Desktop Computer

Figure 4-4 System Diagram of Laser Profiler
The inertial based profiler needs three parts to be installed: 1). Laser height
sensor and accelerometer are usually installed on the front bumper of the vehicle, 2).
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Pulse sensor needs to be installed on one of the vehicle front wheels, 3). The computer is
installed inside the vehicle which contains the AD converter and the software.
The laser profiler uses the AD converter that provides the PCI interface to the
computer. The AD converter has voltage analog input and counter digital input. It gets
the voltage from height distance and acceleration and collects the counts that vehicle
traveled from pulse sensor. The analog input can make 100k samples per second and it
can count the pulses to 2.5M Hz.

4.3 Software Development

4.3.1 Overview
The software transforms the computer and data acquisition hardware into a
complete data acquisition, analysis, and calibration system. Its name is LIPRES (Laser
Inertial-based Pavement Roughness Evaluation System). LIPRES is developed in Visual
Basic and runs on a personal computer under Window 9x, window 2000 and Windows
XP operating systems.
LIPRES has four main functions: (1) Data Sampling, (2) Data Processing, (3)
System calibration and (4) configuration. The user-friendly GUI takes the user through
the software set-up features in different screens effortlessly with the context help
providing useful instructions.
Figure 4-5 is the main menu of the system. The system calibration and
configuration are included in the param setup menu.
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Figure 4-5 LIPRES Main Interface Form
The software architecture and function of the developed software can be
summarized in Figure 4-6.

Figure 4-6 System Software Architecture
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4.3.2 Calibration Module
After the hardware system is installed in a vehicle, the calibration process need to
be done before using it. Due to the initial voltage of accelerometer and laser distance
sensor is unknown, field position calibration is required. There are 4 types of calibration
of the inertial based laser profiler system: accelerometer, laser height distance sensor
(including 2 calibrations) and pulse sensor. User can finished the calibration procedure
according to the instruction in the calibration forms. Figure 4-6 is the details of the
system calibration module.
Accelerometer
Laser Distance
Sensor

System
Calibration

Encoder
Laser Distance
Amplifier

Figure 4-7 Detail Functions of System Calibration Module
Figure 4-8 is accelerometer calibration form. First, put the whole system in a
reference surface, then press “Start” button to start record accelerometer voltage at
current position. After 20 seconds, system will record the accelerometer voltage in each
text column. If the operator can compare the voltage readings to the original voltage
provided by the accelerometer manufacture, then he can press the save button to save the
results. If not, the operator can click cancel button and try another time.
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Figure 4-8 Accelerometer Calibration Form
Figure 4-9 is laser height distance sensor calibration form. The calibration process
is similar to the accelerometer calibration steps. By doing these calibration, the system
get the voltage of accelerometers and height sensors at the reference surface. The voltage
readings can be considered as the zero position voltage readings.

Figure 4-9 Laser Height Distance Sensor Calibration Form
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The pulse sensor calibration is the calibration of length of one pulse. The profiler
can travel at a defined distance, then the system can record how many pulses that the
vehicle traveled. By dividing the pulses from the distance, then the length of each pulse is
known. It is required to do the calibrated process twice for accuracy purpose. Figure 4-10
is the pulse sensor calibration form.

Figure 4-10 Pulse Sensor Calibration Form
In order to get the accurate of the amplifier of the laser height sensor, it is
required to perform the amplifier calibration (Figure 4-11).

Figure 4-11 Laser Height Sensor Amplifier Calibration Form
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4.3.3 Data Sample Module
The Data Sample Module executes in a real-time environment. It functions as the
resource of the data acquisition and data storage. After operator input the configuration
parameters such as: Observer name, Data collection site name, Data collection date, one
side or two side sample, maximum data collection length and normal, forward mileage or
backward mileage sampling. All these selections are in data sample setup form, as shown
in the Figure 4-12.

Figure 4-12 Sample Setup Form
Data sample form is the main user interface for data acquisition. When the
Sample module receives the digital and analog data from the PCI interface, then the
software can write the data into the hard drive. The operator can select the sample
interval he wants from parameter setting module, the distance sensor will trigger the AD
converter and the software to process the data collection. The software will gather 4 types
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of data: accelerometer, height, longitudinal distance and speed. The speed is calculated
by dividing the time elapsed of the distance traveled. To minimize the errors caused by
the pulse sensor, operator can input actual distance at a specified location. After
sampling, the speed and distance will be modified according to each distance that the
operator input during sampling. It is shown in Figure 4-13.

Figure 4-13 Data Sample Form
4.3.4 Data Analysis Module
The data analysis module is the most important part of the LIPRES software. It
can calculate the profile from speed, distance, acceleration and height data, and then
output the roughness results. The pavement profile can be filtered in order to get the
wavelength of interest, reviewed for all sections or any interested section part,
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summarized to get the roughness indices and divided to get the subsection’s analysis
results in this module. The details of data processing module are shown in Figure 4-14.

Whole
Section
Data
Analysis

Whole
Length /
Part
Length

Roughness
Results

IRI Results (IRI
Plot & Results)

Data
Analysis

Subsection
Data
Analysis

RN Results (RN
Plot & Results)
RSD Results (RSD
Plot & Results)
ETD Results (ETD
Plot & Results)

Figure 4-14 Data Analysis Module Details
The following (Figure 4-15) is the main data analysis interface.

Figure 4-15 Data Analysis Form
Figure 4-16 is the calculated profile of one sample data using whole section
analysis.
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Figure 4-16 Profile Display Form
Figure 4-17 is the roughness index results for the whole sampled section.

Figure 4-17 Whole Section Analysis Results
Figure 4-18 and Figure 4-18 are the IRI curves and roughness output for each
subsection of a sub-length of 50m with a total length of 300 meters from one sampled
data.
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Figure 4-18 Subsection IRI

Figure 4-19 Subsection IRI Results Form
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4.3.5 Configuration Module
Figure 4-20 is the main configuration form.

Figure 4-20 System Configuration Form
The system configuration module function is shown in Figure 4-21.

Sensors
Sample Interval

System
Parameters
Setup

Sample Setting
Calculation Params

Figure 4-21 Detail of System Configuration Functions
Before the data analysis, operator was required to input the configuration
parameters that include the longest wavelength to be kept in the data for further analysis,
the value of the subsection length and the criteria for the elevation roughness analysis.
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The user can view the calibration results and change some other parameters. The
parameters include how to display the speed, sample interval, each pulse’s length if
system is installed in a new vehicle. Figure 4-22 shows the system parameters setup form.

Figure 4-22 System Parameters Setup Form
User can change the parameters during data processing to get the expected results.
The parameters are shown in Figure 4-23. After done the correlation analysis, user also
can change the roughness index parameters to get the correct roughness index. The
parameters are shown in Figure 4-24.

Figure 4-23 Filter Setup Form
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Figure 4-24 Roughness Index Parameters Form
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CHAPTER 5

SYSTEM VERIFICATION

In the inertial based laser profiler system, there are encoder distance unit and laser
distance sensor. The encoder distance unit is used to collect the longitudinal distance of
the pavement and speed of the vehicle. Laser distance sensor is used to measure the
distance between the mounting board and the road surface. According to field and
laboratory test results, it is proven that the accuracy of the encoder distance unit and laser
distance sensor is enough for the system. In order to calibrate the sensors, we collected
several sets of data in lab and fields. Analysis was done based on the data collected. This
chapter will focus on two parts: sensors calibration and the system verification.
5.1 Principle of Sensors Measurement
There are mainly two kinds of commercially available speed/longitudinal distance
measurement sensors. One is Doppler radar sensor such as Doppler Radar Speed Sensor
from GMH engineering and Model 38000 Speed Sensor by AG Express Electronics Inc.
Radar speed Sensor uses a microwave (radar) signal and the principle of Doppler shift
(measuring the changes in the frequency of reflected signal) to measure ground speed.
The sensor output is frequency. The other one is optical rotary incremental encoders. A
code disk is the heart of the incremental encoders. As the code disk rotates in front of the
75

stationary mask, it shutters light from the LED. The light that passes through the mask is
received by the photo-detector, which produces pulses in the form of a quasi-sine wave.
The encoder electronics convert the sine wave into a square signal and is ready for
transmission to a counter. The price of Doppler sensor is usually much higher than
incremental encoders. Based on the cost/performance comparison, the rotary incremental
encoder was selected as the longitudinal distance measurement unit (as shown in Figure
5-1).

Figure 5-1 Rotary Incremental Encoder
The laser distance sensor uses the laser triangulation to measure the distance
accurately. The laser puts a small bright spot on the object. The receiver of the sensor
detects the position of this spot. The angle increases with the distance of the object. The
sensor basically measures this angle and then calculates the distance. The laser distance
sensor used in the profiler provides an analog output voltage proportional to the distance
between the sensor and the object. The measurement range is from 100mm to 500 mm.
The supply voltage for the sensor is from 12 volts to 28 volts. The relationship between
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the voltage output and distance measured is proportional. As we tested in the lab, it was
found that the voltage output of the sensor changes with the supply voltage.
5.2 Sensors Verification

It was necessary to conduct lab and field experiment to test the incremental
encoder accuracy and calibrate the laser distance sensor’s amplifier of the output to
measured distance.
Incremental encoder is applied to measure the longitudinal distance. The output of
the sensor is measured using the counter input of the AD converter. It is mandatory to get
the distance per pulse. There are two steps for this test. First, several predefined test
distance in the field was setup to get the distances per pulse after the encoder is installed
on a vehicle. The vehicle moves along a line drawn on the road, then the test program
will get the pulses traveled for the distance. Second, after get the distances per pulse, the
vehicle will travel at several different distances to test the encoder accuracy.
The calibration results and verification results are shown in Table 5-1 and Table
5-2. The values are the average value of 5 repeated runs. From the results, we can
conclude that incremental encoder has good accuracy to be used in the profiler.
Table 5-1 Incremental Encoder Calibration Results
Distance

Counter

Distance per Count

50

25343

0.00197293

100

50787

0.00196902

150

75884

0.001976701

Average

0.001972883
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Table 5-2 Encoder Verification Results
Measured Distance
(m)

Actual Distance
(m)

Measured Difference
(m)

80

80.52

0.52

140

139.83

-0.17

200

200.237

0.237

The amplifier of the laser distance sensor is calibrated in the following way: First,
set the laser distance sensor to a specified distance to a reference surface and get the
output voltage at this position. Then add a small block with standard thickness to the
reference surface and get the voltage output. By doing this for several times, then use a
linear regression to get the relationship between the voltage difference and the thickness
of the block. The slope of the regression result is the sensor amplifier of the voltage to the
actual distance. Second, move the laser distance sensor the any position and get the
voltage output, then move the sensor to any position inside the measure rage, get the
voltage. Then multiply the amplifier with the voltage difference to get the distance. If the
calculated distance is the same as the measured distance, then the calibrated amplifier can
be used in the profiler. The results are show in Table 5-3 and Table 5-4. The values in the
table are average value of 5 repeated runs.
Table 5-3 Distance Sensor Calibration Results
Measured Height (cm)

Voltage Difference (v)

Calculated Amplifier (cm/v)

5.478

2.24312

2.44214

11.078

4.53613

2.44216

16.546

6.77521

2.44214

Average

2.44215
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Table 5-4 Distance Sensor Verification Results
Measured Distance
(cm)

Calculated Distance
(cm)

Measured Difference
(m)

2.048

2.047

0.001

7.502

7.503

0.001

10.218

10.215

0.003

15.176

15.179

0.003

From the calibration and verification results, the laser distance sensor is accurate
and good for profiler purpose.
5.3 Software Output Verification
One of the most important concerns during the system development period is the
accuracy of the system result output. It determines the reliability of the system.
The major reason of the LIPRES software output verification is because the
output patterns of the system include graph output of which shows the profile of the
pavement section, the table outputs of which include all important indices like IRI, RN
number and the two types of output are all need to be verified with the standard tools.
RoadRuf software is an integrated set of computer tools for interpreting
longitudinal road roughness profile data. It is intended to provide well-tested profile
analyses such as the International Roughness Index (IRI) and Ride Number (RN) in a
user-friendly package suited for immediate use by profile users. It is also intended to
provide a benchmark for developers of profiler analysis software.
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RoadRuf was developed at The University of Michigan Transportation Research
Institute (UMTRI) with funding from the Federal Highway Administration (FHWA)
under a research project called “Interpretation of Road Roughness Profile Data.”
RoadRuf includes advanced analysis capabilities to support research activities. In
addition to IRI and RN analysis, the software includes an interactive X-Y plotter, and a
set of custom filters. Based on the above reasons, we choose the RoadRuf software as our
result verification tools.
During the verification period of the study, we collected 5 sites of the data. Table
5-5 and Table 5-6 show the IRI and RN results collected from the field tests using the
LIPRES software. L1, L2, L3 are the test results of left wheel path. R1, R2, R3 are the
test results of right wheel path. The distance between the left wheel path and right wheel
path is 1.6 m. All the data from the five collected sites are inputted into the RoadRuf and
results are compared with the LIPRES software output. Figure 5-2 shows the output
screen of the RoadRuf software after running the site1 data.
Table 5-5 IRI Results
IRI Results
Site No#

L1

L2

L3

R1

R2

R3

1

4.47

4.26

4.17

3.17

3.82

4.72

2

4.91

5.92

4.92

4.63

5.29

5.88

3

4.11

3.35

3.65

3.97

3.63

3.7

4

4.85

4.67

4.56

4.74

4.56

4.6

5

4.76

4.85

4.95

4.6

5.02

4.91
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Table 5-6 RN Results
RN Results
Site No#

L1

L2

L3

R1

R2

R3

1

2.04

2.12

2.21

2.58

2.33

1.92

2

1.99

1.64

2.02

1.81

1.57

1.32

3

1.98

2.55

2.39

2.3

2.48

2.52

4

2.35

2.48

2.19

2.19

1.97

1.74

5

2.08

2.06

2.14

2.05

1.89

1.98

We can find the results matched very well, totally the same. It shows the LIPRES
software’s functions are reliable correspond to both the smooth road condition and rough
road condition.

Figure 5-2 RoadRuf Output
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CHAPTER 6

DATA COLLECTION AND DATA ANALYSIS

In order to verify the system function of two direct type roughness-measuring
systems, we collected several sets of data under different conditions using several
different profilers (laser profiler, direct type profiler) to evaluate the repeatability,
accuracy, and correlation of the systems. Satisfactory results were show after the
repeatability, impact of speed effect and sample interval analysis. Correlations of the
roughness indices are conducted between laser profiler and direct type profiler. Finally,
Spectral analysis was performed over different pavement roughness conditions.

6.1 Consideration for Field Data Collection

It was necessary to conduct field experiment to verify whether the laser profiler
functions well enough to match the design requirements and also to test the correlation
results between the laser profiler and direct type profiler system.
In order to verify function of laser profiler, field data collection was performed in
Tampa Bay area. The true profile of each section was measured using the direct type
walking profiler. The elevations from the profile measurement were converted to the IRI
and RN standard statistic, representing the section’s true roughness. The laser profiler
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then was operated along the same sections at different speed and IRI and RN was also
obtained for each section. The test sites consist of flexible pavements only. The models
developed for this research are based on the combined data collected from the flexible
pavements. The test sites were selected because they can provide the broad range of
roughness index levels and could be safely run at the 50km per hour testing speed. The
smooth sites were need to ensure that the system has the resolution necessary to measure
smooth pavement road (like new pavement road, etc) correctly, while the rough sites
ensured that the system could handle the large amplitudes generated when traveling on
rough or damaged pavement. The medium sections allowed data points to be located
between the two extreme pavement conditions.
A calibration section should be straight with no curves or turns, and should have
as flat a grade as possible. Based on the suggestions from FDOT, Each section has a
length of 150 meters, which have been commonly used in the United States and many
other parts of the world. Measurement obtained from a specific vehicle depends on
primarily on the vehicle condition. If a new vehicle was used for test purpose, a
calibration process needs to be done before test. In this study, the same vehicle was used
through the data collection.
Each test sites should be located on a lightly traffic road and has a sufficiently
wide roadway. For the direct type profiler, an entire lane of the section was used. If a
section has higher traffic volume, it should have at least two lanes in each direction. Extra
care should be taken to protect the surveyor in term of traffic rerouting signs, flagging
and traffic cones. Most of test sites were blocked when the direct-type system survey was
conducted.
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6.1.1

Test Consideration for Direct Type Profiler
a) Testing speed: the direct type profiler is designed for operations in the

walking speed range.
b) Number of repeat runs. Three repeat runs were made for each wheel path at
each test section. The mean values of the reported roughness statistics were calculated
and used as the summarized statistic.
c) Sample Interval: The sample interval for direct type profiler was fixed at 30
cm. The filter is set to none filter status. The summary statistics were reported for the
entire length of a test run.
d) Testing distance: A total testing distance for each section was 150 meters.
6.1.2

Test consideration for Laser Profiler
a) Testing speed: The laser profiler is designed for operation in the normal traffic

speed range. The field tests were conducted at speeds of 30, 50 and 70kmph for each test
section.
b) Number of Runs: Five repeat runs were made at each test speed on each test
section. The mean values of the repeated runs were calculated and taken as the summary
roughness statistic for correlations with the roughness statistic from direct type profiler.
c) Data sampling interval: The data sampling interval is adjustable in the system.
The data sample intervals of the roughness measuring system are 2cm, 4cm, 8cm and
10cm.
d) Test distance: The total distance for each test section was 150m. It is the same
distance as the one tested using direct type profiler.
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6.2 Data Analysis

6.2.1 Repeatability
Repeatability refers to the capability of a measuring device to obtain statistically
similar results form repeated runs with measuring conditions unchanged. Repeatability is
one of the most important quality measures used to evaluate the performance of a
measuring device. For the laser high speed profiler, since different operating speeds and
sampling rates were used, thus, for each combination of operating speed and sampling
rate, five repeated runs were used to obtain IRI and RN value on each calibration section.
Table 6-1 shows the IRI and RN values obtained by the laser high speed profiler
from repeated runs on each calibration section using the trend remove algorithm. The
difference of IRI and RN values between repeated runs was used to quantify the
repeatability of laser high speed profiler. From Table 6-1 and Table 6-2, it can be seen
that the over-all average difference of IRI between repeated runs was 0.055 and the
overall-all average difference of RN between repeated runs was 0.058 m/km.
Table 6-1 IRI Values Between Repeated Runs with Trend Remove Algorithm
1

2

3

4

5

Max. Diff.

Section 1

2.07

2.03

2.02

2.03

2.01

0.06

Section 2

2.47

2.51

2.47

2.48

2.47

0.04

Section 3

3.36

3.32

3.34

3.35

3.38

0.06

Section 4

4.61

4.61

4.65

4.70

4.62

0.08
Over-All Average
Difference = 0.055
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Table 6-2 RN Values Between Repeated Runs with Trend Remove Algorithm
1

2

3

4

5

Max. Diff.

Section 1

3.26

3.20

3.27

3.29

3.26

0.09

Section 2

3.02

3.00

3.02

3.01

3.04

0.04

Section 3

2.69

2.65

2.66

2.65

2.67

0.04

Section 4

1.52

1.53

1.50

1.51

1.47

0.06
Over-All Average
Difference = 0.058

In order to test the repeatability of the roughness output of the laser profiler, the
repeatability index used for the evaluation was:

Re =

1
N

N

∑

( xi − x )2

1

x

Where N is the number of the repeat runs, xi is the output of the ith run, and x is
the mean value of the xi ’s. The quantity Re represents the relative difference between the
test runs. If Re is small, for example 5 percent, it can be said the systematic and
operational repeatability of the laser profiler on a test section is good.
Table 6-3 shows the resulting calculated Re values for each test section. All the
Re values are less than 2 percent, which indicates that the repeatability of the laser
profiler is relatively reliable.
Table 6-3 Re Values of IRI and RN for Each Section with Trend Remove Algorithm
Section 1

Section 2

Section 3

Section 4

Re (IRI)

1.001%

0.63%

0.60%

0.74%

Mean
Values
0.743%

Re (RN)

0.93%

0.44%

0.56%

1.37%

0.825%
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Table 6-4 shows the IRI values obtained by the laser high speed profiler from
repeated runs on each calibration section without the trend remove algorithm.
Table 6-4 IRI Values Between Repeated Runs without Trend Remove Algorithm
1

2

3

4

5

Max. Diff.

Section 1

2.10

2.34

2.13

2.29

2.15

0.24

Section 2

2.49

2.57

2.58

2.55

2.60

0.11

Section 3

3.45

3.75

3.6

3.37

3.69

0.38

Section 4

6.46

6.37

6.65

6.67

6.63

0.30
Over-All Average
Difference = 0.258

The repeatability for each section with/without trend remove algorithm are
calculated and shown in Table 6-5.
Table 6-5 Re Values with and without Trend Remove Algorithm
Section 1 Section 2 Section 3 Section 4
Re (IRI) (without trend
remove algorithm)
Re (IRI) (with trend
remove algorithm)

Mean
Values

6.40%

2.35%

7.56%

4.66%

5.24%

1.001%

0.63%

0.60%

0.74%

0.743%

From the table above, we can see that using the trend remove algorithm, the
average repeatability was lowered from 5.24% to 0.74%. This indicates that the used
trend remove algorithm improved the repeatability of the inertial base pavement
roughness measuring system. The inertial based laser pavement roughness measuring
systems have average repeatability of 5% from the past researches. The repeatability is
decreased to 0.7% by using the trend remove algorithm. So a better repeatability can be
obtained using trend remove algorithm.
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6.2.2 Impact of Sampling Speed
Since the laser high speed profiler uses an accelerometer to measure vehicle
vertical acceleration of ARAN profiler, the operating speed of the laser profiler may not
have certain impact on the roughness measurements of the laser profiler. To evaluate the
speed impact of the laser high speed profiler, different operating speeds were used in
field data collection. Actually, for a given operating speed and sampling interval, three
repeated runs were used on a calibration section. Thus, average value from the repeated
runs was used. Table 6-6 and Table 6-7 show the IRI and RN values of laser profiler at
different operating speeds. The relative errors are also shown in each table.
Table 6-6 IRI Values at Different Operating Speeds
Relative Error (Take
50kph as Reference)
30 kph
70 kph

30 kph

50 kph

70 kph

Section 1

2.44

2.42

2.48

0.83%

2.48%

Section 2

2.43

2.34

2.38

3.85%

1.71%

Section 3

4.65

4.72

4.75

1.48%

0.64%

Section 4

2.16

2.10

2.14

2.86%

1.90%

Table 6-7 RN Values at Different Operating Speeds

30 kph

50 kph

70 kph

Relative Error (Take
50kph as Reference)
30 kph

70 kph

Section 1

3.03

3.04

3.08

0.83%

2.48%

Section 2

2.92

2.98

3.01

3.85%

1.71%

Section 3

1.50

1.52

1.47

1.48%

0.64%

Section 4

2.91

2.99

3.05

2.86%

1.90%
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Figure 6-1 and Figure 6-2 graphically present the same data. The values in the
table were the average values of RN from repeated runs and at different sampling
intervals. From the table and the figure, it can be concluded that the operating speed did
not have significant impact on IRI and RN value because there were no significant
differences among the IRI and RN values for a given calibration section. In fact,
theoretically, the roughness measuring devices with the use of vertical accelerometer and
laser distance sensor should not be sensitive to operating speed.

5

IRI Value (m/km)

4.5
4

30 kph

3.5

50 kph
70 kph

3
2.5
2
1.5
1
0.5
0

Section 1

Section 2

Section 3

Figure 6-1 Operating Speed Impact on IRI
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Section 4

3.5
3

30 kph
50 kph

RN Value

2.5

70 kph
2
1.5
1
0.5
0
Section 1

Section 2

Section 3

Section 4

Figure 6-2 Operating Speed Impact on RN

6.2.3 Impact of Sample Interval
Sample interval may have certain impact on the roughness output, IRI and RN, of
the laser high speed profiler. This research tried different sample interval to test whether
the sampling rate had impact on IRI and RN. Since the operating speed did not have
impact on IRI and RN and the laser high speed profiler showed good repeatability, IRI
and RN values from different runs and different operating speeds on a given calibration
section were averaged so that the only factor, sample interval, could be evaluated. Table
6-8 and Table 6-9 present the IRI and RN values at different sample interval on several
calibration sections. From the tables, it is clearly seen that IRI an RN value does not
change as the sample interval changed.
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Table 6-8 IRI Values of Laser High Speed Profiler at Different Sampling Interval
Sample
Interval 8cm

Sample
Interval 12 cm

Sample
Interval 16cm

Section 1

2.96

2.99

2.97

Section 2

2.69

2.71

2.72

Section 3

1.92

1.96

1.94

Section 4

3.36

3.34

3.32

Table 6-9 RN Values of Laser High Speed Profiler at Different Sampling Interval
Sample
Interval 8cm

Sample
Interval 12cm

Sample
Interval 16cm

Section 1

2.66

2.66

2.69

Section 2

3.01

3.06

3.05

Section 3

3.25

3.30

3.29

Section 4

2.69

2.65

2.66

4
Sample Interval 8cm

3.5

Sample Interval 12 cm
Sample Interval 16cm

IRI Value (m/km)

3
2.5
2
1.5
1
0.5
0
Section 1

Section 2

Section 3

Figure 6-3 Sample Interval Impact on IRI
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3.5
Sample Interval 8cm
Sample Interval 12 cm

3

Sample Interval 16cm

RN Value

2.5
2
1.5
1
0.5
0
Section 1

Section 2

Section 3

Section 4

Figure 6-4 Sample Interval Impact on RN
Figure 6-3 and Figure 6-4 graphically presents the difference of IRI and RN
values at different sampling rates. It is clearly shown in the figures that IRI and RN do
not change within certain sample interval as the sample interval changed.
6.2.4 Correlation Analysis
A reliable measuring device should have good correlation with standard
reference. If a measuring device has a good correlation with standard reference and good
repeatability, this device is said to be reliable with good measuring performance. For
inertial based laser profiler, the IRI correlation with Dipstick and direct type profiler need
to be analyzed.
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Dipstick has been considered standard device for field calibration because it has
best accuracy performance as compared with other automated roughness measuring
devices. If a roughness-measuring device has good correlativity with Dipstick, this device
is considered having good correlation with standard reference. Direct type profiler has
been proved that it has good correlation with Dipstick on both IRI and RN. So it can be
used to calibration the inertial based laser profiler.
The laser profiler and direct type walking profiler were operated in several test
sections Repeated runs were performed and the average values from the repeated runs
were used for correlation analysis. Table 6-10 presents the average IRI values from Laser
profiler, direct type profiler and the Dipstick.
Table 6-10 IRI Values Collected by Laser Profiler, Dipstick and Direct Type Profiler
Laser Profiler

Dipstick

Direct Type Profiler

3.4

3.23

3.213

3.68

3.36

3.420

1.51

1.8

1.689

1.9

2.41

2.367

7.03

6.49

6.399

6.39

5.97

5.734

3.18

3.26

3.642

4.35

4.06

4.182

6.43

5.46

5.900

5.04

5.3

4.792

Figure 6-5 shows the IRI correlation between Dipstick and laser high speed
profiler. From this figure, it can be seen that the laser high speed profiler has good
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correlativity with Dipstick (R2 = 0.9694). Thus, it is reasonable that the correlation
between Dipstick and laser high speed profiler is good.
7
y = 0.8169x + 0.6289

Dipstick IRI (m/km )

6

2

R = 0.9694

5
4
3
2
1
0
0

1

2

3

4

5

6

7

8

Laser Profiler IRI (m/km)
Figure 6-5 IRI Correlation Between Laser Profiler and Dipstick
Since direct type profiler showed good correlation with Dipstick, direct type
profiler could be used as a standard reference to calibrate laser high speed profiler.
During field data collection, the laser high speed profiler produced roughness data at
different wavelengths (bandwidth), including 100 meter wavelength and full wavelength
(unfiltered bandwidth). Usually, IRI should be processed from pavement surface
longitudinal profile with wavelength bandwidth in the range of 60 meters to 50 meters.
Thus, the correlation analysis was based on the filtered data with a 100 meters
wavelength. Figure 6-6 shows the IRI correlation of laser high speed profiler and direct
type profiler.
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Figure 6-6 IRI Correlation Between Laser Profiler and Direct Type Profiler
Based on the correlation analysis results, it is found that the correlation between
laser high speed profiler and direct type profiler is good.

6.3 Maximum Entropy Spectral Analysis

As described before, the profile raw data were collected from each site. Then the
LIPRES software gets the data and builds the profile. Spectral analysis was carried by the
developed software. Conventional Fast Fourier Transform (FFT) method has the
disadvantages that is has low resolution to the amplitude of some frequency; some
amplitude of segment of certain wavelength may be weakened or even disappeared in the
spectral curves. So maximum entropy spectral analysis method was used in the software
to analyze the spectral response of the calculated profile.
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From the previous discussion, it is know that the laser profiler is sensitive to the
wavelength from 0m to 25m. Thus, the maximum wavelength of 25m was chosen in the
analysis. It would be expected that if pavement condition was poor, the magnitude of the
spectral density function in 0 to 25 meters would be large. If the pavement condition is
good, it would results in relatively low magnitude of the spectral density function.
Compare the shapes of Figure 6-7 and Figures 6-8, one road section is relatively smooth,
the IRI value is 2.19. While IRI value for the other one is 4.36, which is bad condition.
We can see that the spectral density function is affected by the pavement roughness
situation significantly. In good pavement condition, the magnitude of the function was
distributed in the 10 to 25 meters wavelength range. Major parts of the spectral are
distributed in two ranges: one is in the range of 0 to 10 meters wavelength, and the other
is in the range of 0 to 10 meters wavelength.

Figure 6-7 Spectral Curve of Good Pavement Condition
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Figure 6-8 Spectral Curve of Bad Pavement Condition
Figure 6-9 and 6-10 are the plot picture of the two corresponding profiles.

Figure 6-9 Pavement Profile with IRI = 2.19 m/km
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Figure 6-10 Pavement Profile with IRI = 4.36 m/km
From the comparison of the profiles and their spectrum, the bad pavement has the
big amplitude in the sinusoids with wavelength of 10 – 25 meters. It is affected by the
short wavelength, so the IRI is high. How ever the good pavement is not much affected
by the 0-10 meters wavelength and was mostly affected by the long wavelength, the
amplitude of the sinusoids with the long wavelength is low. That is the reason that the
roughness index IRI is much lower.
Two test sites have the almost same IRI value (3.06 and 3.13 m/km respectively),
but their RN is different. The spectral curves for these two sites are shown in Figure 6-11
and Figure 6-12. From the spectrum analysis of the two pavement profiles, it is clear to
find the reason why the road has different RN values. From the figures, the long
wavelength parts contributed to the IRI, while there are some minor differences on the
short wavelength part. For the pavement in Figure 6-11, the amplitude short wavelength
part is low. So the pavement has good ride quality and high RN value. While for the
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pavement in Figure 6-12, the amplitude of the short wavelength part is a little high
compared to the other one, so the RN value is lower than the one in Figure 6-11.

Figure 6-11 Spectral Curve of Pavement Profile with High RN

Figure 6-12 Spectral Curve of Pavement Profile with Low RN
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From the analysis, it shows that the maximum entropy spectral analysis shows a
qualitative relation of different pavement roughness conditions. From the spectrums, the
pavement roughness conditions can be easily identified if the pavement conditions differ
significantly. But if there condition’s differences are slight, it is hard to tell which
pavement section is better or worse. Then the roughness index IRI and RN are used to
identify the pavement conditions quantitatively. From the spectrums, it is still easy to see
which wavelength is the major part in a particular pavement section.
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CHAPTER 7
SUMMARY, CONCLUSION AND RECOMMENDATION
7.1

Summary

An inertial-based pavement roughness evaluation system was developed in this
research and study. It is a vehicle mounted instrument and can be operated in speed
between 25 kmph and 80 kmph. It is classified as a class III instrument for pavement
roughness measurement.. It is designed to facilitate the efficient data collection and
presentation of pavement surface information, including pavement profile, grade and
roughness index such as IRI and RN. It can be used for network level data collection and
analysis of pavement roughness.
The purpose of this research was to develop the inertial based pavement
roughness evaluation system, the trend remove algorithm to improve repeatability,
evaluate system repeatability, speed effect and sample interval effect, finally test whether
the laser high speed profiler has good correlation to Dipstick and direct type profiler. To
reach the purpose, standard roughness measuring systems were used as references in
fields to evaluate whether the laser high speed profiler had good correlation with these
standard references. The reference measurements included IRI valuates collected by
Dipstick, direct type profiler. However, since Dipstick do not have the function to

101

produce RN values, only the direct type profiler was used to evaluate the laser high speed
profiler’s performance in measuring RN values.
Field tests were performed in Tampa, Florida. The corresponding IRI values and
corresponding RN values for each test section were obtained. The laser high speed
profiler was operated at different sampling interval and at different speed (30 kph, 50
kph, and 70 kph). All devices were operated for at least three repeated runs.
After field data were obtained, data analysis was performed to evaluate trend
remove algorithm function and the measuring performance of the laser high profiler in
obtaining IRI and RN values. The performance was evaluated based on the impact of
vehicle speed and sampling interval, repeatability, and correlativity with direct type
profiler, etc.
Linear regression analysis (correlation analysis) was performed to evaluate the
IRI correlativity between laser high speed profiler and direct type profiler, Dipstick. The
correlation analysis was also performed to evaluate the RN correlativity between direct
type profiler and laser high speed profiler.
The maximum entropy spectral analysis shows a qualitative relation of different
pavement roughness conditions. From the spectrums, the pavement roughness condition
can be easily identified if the pavement condition differs significantly. Even if the
pavement roughness conditions are slight, it is still can tell the small difference in RN
value from the spectral analysis. From the spectrum of pavement profile, it is easy to see
which wavelength is the major part in a particular pavement condition.
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7.2 Conclusion

From data analysis, it was found that laser high speed profiler showed satisfactory
repeatability performances. Thus, for real data collection by laser high speed pavement
evaluation system, if the data collection procedure is well controlled, there is no need to
run these devices more than three repeated runs because the difference between different
runs could be ignored at the network level. For project level analysis, it is better run the
device more the three repeated runs and get the average value to get precise roughness
index.
Laser high speed profiler shows very good repeatability and also could be
operated at different operating speeds (20 kph – 100 kph) with very little difference in
IRI and RN values for a given test section and sampling interval. However, any speeds
beyond the speed range may not produce the same conclusion because the analysis was
based on the speed range and no conclusion is supported if the speed is beyond the speed
range. From the data analysis, it is proved that the computation method used in the
roughness measuring system removed the phase shift introduced by other computation
methods and the repeatability was increased with the Re value less than 2% by using
trend remove algorithm.
The laser high speed profiler and direct type profiler had good correlations at
different sampling intervals and operating speed of the laser high speed profiler. Thus,
the laser high speed profiler can be used in the field application.
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7.3 Recommendation

Some recommendations are presented here based on the analysis and system
development experience. They could improve the performance of the system and make it
more precise.
From the pavement test, all the test sections do not have big cracks and bumps on
the pavement. From the profile calculation procedure, the phase shifts because of the
bump. So the issue that how to eliminating the bump phase shift still needs to be better
understood. More researches need to taken in the future. Also, how cracks affect the
pavement roughness also needs to be identified.
From the spectral analysis of pavement profile, it shows that spectral density has
relationship with road roughness. Pavement sections with the same IRI are likely to
contain different roughness details. New digital signal processing techniques may
identify the different roughness details among such pavement sections and such
researches may need to be done.
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